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ABSTRACT 
Optical chemosensing, especially using amplifying fluorescent polymers, can allow for 
the highly sensitive and selective vapor-phase detection of both explosives and highly toxic 
chemicals, including chemical warfare agents. There are varieties of analyte targets, however, 
that remain challenging for detection by these methods. Research towards improving this 
technology has obvious implications for homeland security and soldier survivability. This 
dissertation details the development of new molecules, materials, and transduction schemes 
aimed at improving both the versatility and sensitivity of optical chemical detection. Chapter 
One provides an introduction to the field of fluorescent polymer sensors, principally focusing on 
their utility in the detection of nitroaromatic explosives. Brief descriptions of other analytical 
methods used for explosives detection are also included. 
Chapter Two describes the synthesis and optical properties of a new class of conjugated 
polymers that contain alkyl-amino groups directly bound to the arene rings of poly(pheny1ene 
ethynylene)~ and poly(f1uorene)s. These materials displayed red-shifted absorption and emission 
spectra, large Stokes Shifts, as well as long excited state lifetimes. Also described is the use of 
films of these readily oxidized polymers in the vapor-phase detection of hydrazine down to a 
concentration of 100 parts-per-billion. This new scheme for the detection of hydrazine vapor 
relies on the analyte's reduction of oxidized traps ("unquenching") within the polymer film to 
give a fluorescence "turn-on" signal. Chapter Three begins with an introduction to the various 
classes of explosive molecules, as well as to the concept of "tagging" plastic explosives with 
higher vapor pressure dopants in order to make them easier to detect. This is followed by a 
description of how the taggant DMNB was successfully detected using high band-gap 
poly(fluorene)s. The higher energy conduction bands of these materials allowed for exergonic 
electron transfer to DMNB and fluorescence quenching in both the solution and solid states. 
Phosphorescence is the theme of Chapter Four, in which two research projects based on 
highly phosphorescent cyclometalated Pt(I1) complexes are summarized. This includes the 
synthesis and optical characterization of a phosphorescent poly(fluorene), one of the repeat units 
of which is a Pt@py)(acac)-type complex. Comparisons of its intrinsic photophysical properties 
and oxygen-induced quenching behavior to model compounds are also summarized. Chapter 
Four also details investigations into using oxidative addition reactions of new bis-cyclometalated 
Pt(I1) complexes for the dark-field turn-on chemical detection of cyanogen halides. 
Incorporating substituents on the ligands that force steric crowding in the square plane 
accelerated the addition of cyanogen bromide to these complexes, which also correlated with the 
room-temperature phosphorescence efficiency of these complexes. Exposure of polymer films 
doped with these complexes gave a dark-field turn on signal to the blue of the reactant that 
corresponded to the phosphorescence of the Pt(1V) oxidative addition product. Finally, Chapter 
Five focuses on iptycenes, a very useful structural moiety in the field of optical chemosensing. 
The development of an improved synthetic procedure for the preparation of the iptycene group is 
described. This procedure has been showed to be effective in the preparation of a series of new 
iptycene-containing molecules, including a poly(iptycene). To conclude, the unique counter- 
aspect ratio alignment behavior of a poly(iptycene) in a stretch-aligned polymer film is 
summarized. This is rationalized by a "threading" model, in which the chains of the poly(viny1 
chloride) matrix occupy the internal-free-volume defined by the poly(iptycene). 
Thesis Supervisor: Timothy M. Swager 
Title: John D. MacArthur Professor of Chemistry and Department Head 
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Chapter 1 
Chemical Detection With Amplifying Fluorescent Polymers 
1.1. Introduction 
A conjugated polymer can be defined as a macromolecule the entire main chain of which 
is bound together not only by saturated sigma bonds, but also by a continuous pattern of 
unsaturated, conjugated n: bonds. This electronic conjugation between each repeat unit creates a 
"molecular wire".' The resultant coalescing of molecular orbitals creates a semiconductor band 
structure, including a valence band (filled with electrons) and a conduction band (devoid of 
electrons). The semiconducting nature of organic conjugated polymers gives them interesting and 
useful optical and optoelectronic properties. 
Numerous discoveries in synthetic organic and organometallic chemistry have spawned 
the development of a whole host of semiconducting fluorescent polymer structural classes, some 
of which are illustrated in Figure 1.1. These materials are often synthesized by palladium- 
catalyzed cross-coupling polymerizations, among other methods. In addition to differences 
between structural classes of polymers, the properties of these systems can also be more finely 
tuned by introducing different side groups on the conjugated polymers. Groups can be 
introduced in order to enhance solubility in particular solvents, interact with the main chain to 
perturb the energetics of the valence and conduction bands, or for other reasons depending on 
the desired application. 
Conjugated polymers, however, offer more than just tunability through structural 
modification as a benefit relative to inorganic semiconductors. Organic materials can also be 
Poly (pheny lene-ethy nylene) Poly (pheny lene-vinylene) Poly(pheny1ene) 
PPEI [PPVI [PPI 
Figure 1.1. Several structural classes of semiconducting fluorescent polymers. 
solution processable and flexible. These unique advantages, combined with their semiconducting 
properties, have led to widespread research in the field of conjugated polymers, particularly 
relating to their potential utility in various devices. One of the applications for which fluorescent 
conjugated polymers have found a particularly promising future is in chemical  sensor^.^ They 
have the ability to self-amplify their fluorescence quenching response to the binding of explosive 
nitroaromatic molecules such as TNT or DNT? 
The detection of explosives and ordinances is a problem researchers from many scientific 
fields have been addressing for years. Nevertheless, undetected explosives, in a variety of 
settings, remain a major security concern. Especially challenging is the detection of explosives, 
such as landmines, in uncontrolled environments such as battlefields. The highly variable 
environmental conditions present in such locations can present interferences for detector 
technologies in the form of fluctuating temperature, humidity, light, wind, and soil. These 
complications, along with the low vapor pressure of explosives like TNT, dictate that only a very 
sensitive and robust technology will give reliable results to the soldier in the field. Conjugated 
Conduction 
Band @- @! 
Valence 
Band 
Figure 1.2. Band diagram illustrating exciton transport and electron transfer flu01 ~scence quenching. 
polymer sensors, because of their self-amplifying characteristics and tunability, are 
extraordinarily effective for the detection of nitroaromatic explosives. 
1.2. Amplifying Fluorescent Polymers (AFPs) as Sensors 
1.2.1. Energy Migration and Amplification 
The band diagram of a conjugated polymer in Fig. 1.2 illustrates how the exciton transport 
properties of semiconducting fluorescent organic materials give rise to large amplifications for 
explosive detection.' A photon of energy hv is absorbed by the material, which promotes an 
electron from the valence (filled) band of the semiconductor to the conduction (empty) band. The 
resulting electron-hole pair (exciton) is bound together as a "quasi-particle". The conjugated 
nature of the material allows the exciton to migrate throughout the polymer. In this fashion, the 
exciton "samples" many potential binding sites within its lifetime (typically on the order of one 
nanosecond). If the exciton interacts with a binding site to which TNT is bound, its fluorescence 
(emission from the excited state to the ground state) is quenched. This situation can be compared 
to a string of light bulbs that are wired in series, in which the failure of just one bulb causes the 
entire string to be extinguished. 
Figure 1.3. Conjugated polymer "molecular wire" interacting with a small concentration of TNT 
quencher. This scenario would give complete fluorescence quenching of the polymer chain. 
Figure 1.4. Collection of individual receptor-chomophore molecules exposed to a small concentration 
of TNT quencher. This scenario would only give 25% quenching of the sample. 
Whereas complete fluorescence quenching would be observed in the situation Fig. 1.3 
depicts, only a small percentage of quenching would be observed in the scenario illustrated in Fig. 
1.4, in which individual, non-conjugated binding sites are exposed to the same concentration of 
TNT. This is because each exciton is confined to its particular molecule and can only sample one 
binding site. Therefore, emission is observed from those molecules to which TNT is not bound, 
and a much weaker signal (fluorescence quenching) is recorded for the same concentration of 
explosive. This general approach of chemosensing via amplified fluorescence quenching was 
first demonstrated using a poly(pheny1ene-ethynylene) containing cyclophane-based receptors 
with paraquat as an analyte.' It was found that the exciton could sample about 130 of the 
individual ethynylphenyl units during a one-dimensional random walk along the polymeric 
backbone. 
1.2.2. Fluorescence Quenching By Photoinduced Electron Transfer 
Electron-transfer induced fluorescence quenching is the most practical and efficient 
mechanism of signal transduction for the detection of explosives. This is because explosives, 
especially 2,4,6-trinitrotoluene (TNT), are often highly electron deficient molecules that readily 
accept electrons from excited fluorophores. In addition, explosive devices that contain TNT also 
usually contain a synthetic byproduct, 2,4-dinitrotoluene (DNT), which is also highly electron 
deficient. A basic frontier molecular orbital-based mechanism for electron transfer fluorescence 
quenching is illustrated in Figure 1.5. 
In this simplified diagram, the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of both the electron donor and acceptor are illustrated. In 
this case, when both molecules are in their ground state, there is no energetic driving force for 
any electron transfer reaction to occur. If, however, the donor (D) is irradiated with a photon and 
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Figure 1.5. A molecular orbital diagram for photoinduced charge transfer. 
brought to its excited state, one of the electrons is now in the LUMO of D, and is of much higher 
energy. Because of the LUMO of the acceptor (A) is lower in energy than the LUMO of D, 
there is a significant energetic driving force to lower the energy of the system via an electron 
transfer from D to A, resulting in oxidation of D and concomitant reduction of A, giving an ion- 
radical pair. Because the singlet excited state of D has been destroyed in this reaction, it can no 
longer emit, and typically the fastest process is simple reverse-electron transfer from the LUMO 
of A to the singly occupied HOMO of D, which is non-radiative in nature. 
In addition, it is worth noting that the quenching process can also work with a fluorescent 
electron acceptor. Irradiation of the acceptor results in the creation of its excited state, and in 
this scenario it is energetically favorable for an electron from the HOMO of D to transfer to the 
LUMO of A, resulting in the same ion-radical pair that very quickly relaxes via back electron 
transfer. This, however, is not observed in explosive detection for several reasons, including the 
fact that most fluorescent conjugated polymers are relatively electron rich and most explosives 
are electron deficient. It is almost always the scenario in Figure 1.5 that is relevant. 
Overall, contact between a good electron acceptor and a fluorescent electron donor D 
gives quenched fluorescence. If the LUMO energy of A had not been below the LUMO of D, 
the electron transfer would be an energetically unfavorable process and quenching would not be 
observed. This rather qualitative relationship can be more quantitatively summarized simply by 
analysis of the participating energy  level^.^ Because the electron transfer involves oxidation of 
the donor and reduction of the acceptor, the corresponding redox potentials determine the ground 
state driving force of electron transfer, as shown in Eq. (1). 
AG(et) = Eox(D) - EreAA) - A (1) . 
In this equation, AG(et) is the driving force of the ground state electron transfer reaction, 
while Eox(D) and Ered(A) refer to the oxidation potential of the donor and the reduction potential 
of the acceptor, respectively. A stands for any stabilization of the highly charged ion-radical pair 
by solvent reorganization. This can vary from solvent to solvent and correlates with the 
dielectric constant. Most organic molecules have positive oxidation potentials and negative 
reduction potentials (versus saturated calomel electrode, SCE). Therefore, only very powerful 
electron donors andlor acceptors can participate in ground state charge-transfer complexes, even 
in highly polar solvents. 
However, when quantitatively describing Figure 1.5, the excitation energy of the donor, 
E,(O,O), makes a contribution to Eq. (I) to yield Eq. (2): 
AG(et)* = Eox(D) - Ered(A) - Eex(O,O) - A (2) 
in which E,(O,O) indicates the energy associated with the transition of an electron from the v=O 
vibrational level in the excited electronic state to the v=O vibrational level in the ground 
electronic state of the donor. For a typical poly(pheny1ene-ethynylene) (PPE) that emits at about 
460 nm, this an additional contribution to the electron transfer driving force of nearly 2.7 eV, or 
approximately the same as the bond energy from the x. bond in an alkene. Therefore, many 
electron transfer reactions that are highly unfavorable in the ground state are made facile by 
irradiation of the donor (or acceptor). This lends the process its name of fluorescence quenching 
by photoinduced electron transfer. 
This relationship also conveys one of the reasons why the sensing of explosives can be so 
effective with this method. Most explosives, especially TNT and other nitroaromatic 
compounds, are highly electron deficient and have favorable reduction potentials. For instance, 
the reduction potential of TNT and DNT are only -0.7 V and -1.0 V (vs. SCE) respectively, quite 
favorable when compared with other electron acceptors, such as 1,4-dicyanobenzene (- 1.7 V vs. 
SCE). This means that if the sensory material emits light, for example, at 460 nm, the oxidation 
potential of the sensing polymer can approach close to 2.0 V vs. SCE and still give a negative 
change in free energy for photoinduced electron transfer, theoretically allowing for amplified 
fluorescence quenching and detection of TNT. 
1.3. Solid-State AFP Chemosensors 
1.3.1. Potential s and Pitfalls 
Although the first demonstrations of the utility of AFPs for highly sensitive detection 
were in solution, these amplifications represent only the lowest limit of what these systems can 
offer. This is because when the polymer chains are isolated and cannot communicate, excitons 
are forced into a one-dimensional random walk during which excitons retrace the same segments 
of the polymer chain multiple times. According to this model, the amplification factor of 130 
requires that excitons make 1302 hops, which represents an efficiency (number of productive 
hops) of less than 1%. In addition, explosive detection sensitivity using a solution-based AFP 
sensor is often limited by the rate of diffusion of the polymer and the analyte. Achieving strong 
solution-state static binding is especially difficult because of competitive solvation of the analyte 
and polymer molecules. Also, a solution-state sensor would require frequent and cumbersome 
handling of toxic sol vents and careful solution preparation. 
On the other hand, the ability to produce a thin film conjugated polymer sensor brings 
many potential advantages. It simplifies the operation of a sensory device for operators in the 
field, and also eliminates competitive solvation of analyte molecules and the accompanying 
limitation of the diffusion rate. Most importantly, this extends the dimensionality of the 
amplification from one dimension to two or three dimensions. Having the polymer chains in a 
thin film allows excitons to not only travel along one polymer chain, but to also "jump" to other 
nearby chains. Therefore, excitons execute a multidimensional random walk, limiting the 
number of unproductive "retracing" steps taken and further increasing the amplification? This 
brings the amplification factor in a simple, unoptimized polymer film closer to 17,000 times that 
of a single, isolated chromophore-receptor combination. 
There are clearly many advantages to operating a conjugated polymer as a solid polymer 
film. There are, however, serious complications that can arise upon making thin films of 
conjugated polymers. The structural nature of the rigid rod-type polymers forces them into a 
highly planarized geometry. In the solid state, this structural feature often induces aggregate 
formation, in which the planar chains stack on each other with n-orbitals from adjacent chains 
interacting. These types of interactions create local energy minima in the potential energy 
surface of the film. When this effect is combined with the efficient intra- and inter-chain exciton 
migration in AFP thin films, the result is that a large amount of the initial excitation energy is 
funneled to aggregate sites. Conjugated polymer aggregates formed from n-stacking are usually 
only very weakly emi~sive.~ The resulting weak emission from polymer aggregates means more 
TNT must be bound for the sensor to give a reliable response, reducing the sensitivity of the 
device. Also, the extent of exciton migration is restricted because of the low-energy trap sites. 
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Figure 1.6. Fluorescence spectra of polymers 1 (A) and 2 (B) in five different spun-cast films. 
Aggergate emission, as pictured in Figure 1.6B, can often vary from sample to sample, resulting 
in thin films with unpredictable optical properties. 
As a result of these potential pitfalls, designs have centered on preventing interchain 
interactions in the solid state. These efforts have focused on attaching large and rigid pendant 
groups onto conjugated polymer backbones in order to prevent the polymer chains from coming 
so close in the thin film as to form aggregates. A particularly useful structural moiety is the 
pentiptycene unit, which polymer 1 in Fig. 1.7  contain^.^ This rigid three-dimensional structure 
not only prevents severe fluorescence quenching in the solid state, but also by keeping the chains 
apart, reduces photochemically induced intermolecular interactions that can lead to 
1 
Figure 1.7. Structures of AFPs 1 and 2. 
photobleaching and degradation of the material.7 As a result, 1 is a highly stable sensory 
material with strong solid-state emission. 
1.3.2. Important Parameters for Solid-State Fluorescence Quenching 
Figure 1.8 shows the fluorescence response of a film of 1 as a function of exposure time 
to TNT equilibrium vapor pressure? The diminution of the polymer's fluorescence intensity in 
response to the presence of TNT vapor is very efficient. After only a matter of seconds, 
significant fluorescence quenching is observed. This sensitivity is primarily derived from the 
exciton transport properties of conjugated polymers that were previously described. However, 
more is required of a conjugated polymer sensor than simple amplification. There are several 
other factors that help determine the efficiency of vapor phase detection by fluorescence 
quenching (FQ). These are the vapor pressure of the analyte (VP), the binding constant of the 
analyte (K,), and the rate of photoinduced electron transfer, which depends strongly on the 
reaction driving force, previously described in Eq. (1). The relationship of fluorescence 
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Figure 1.8. Temporal response of AFP 1 to an equilibrium vapor pressure of TNT. 
quenching efficiency to these parameters can be simply summarized in Eq. (2). 
FQ a (Kb)(-AGet)(VP) (3) 
As previously illustrated, the photoinduced electron transfer reaction must be energetically 
favorable in order to induce quenching of the polymer film's emission by nitroaromatics such as 
TNT or DNT. Using equation (2), along with the redox and optical properties of polymer 1 
shows that the PICT reaction with this system has a driving force (-AG) of 0.82 eV for TNT and 
0.52 eV DNT. Note that in the solid state there is minimal reorganization energy (A) to assist in 
the stabilization of the ion pair. 
As a complement to the strong driving force for reduction of nitroaromatics like TNT, 
this energetic relationship also builds selectivity into the sensory scheme. Only molecules that 
have very favorable reduction potentials will quench the polymer's fluorescence. According to 
equation (2), only if the reduction potential of the analyte is greater than -1.5 eV will there be a 
negative free energy change for quenching. This leaves only a very small family of molecules, 
basically limited to nitroaromatics and quinones. Even benzophenone, 1 ,lldicyanobenzene, and 
l,4-dichlorobenzene, all relatively strong electron acceptors on an absolute scale, do not quench 
the emission of 1. 
The binding constant (K,) is also an important parameter for solid-state fluorescence 
quenching. If the analyte of interest does not interact with the polymer film, then the electron 
transfer reaction (which requires intimate contact between electron donor and acceptor) cannot 
occur. TNT and DNT are uniquely suited to bind to polymers such as 1. These analytes are very 
planar, aromatic, and have multiple fully conjugated, strongly electron withdrawing nitro groups. 
This gives TNT and DNT strong n-acid properties, meaning that the electron affinity of the n- 
systems of these molecules is very large. As a result, TNT and DNT form strong ground state 
complexes through stacking of n-systems. This interaction is based on electrostatic attraction 
between the strongly n-acidic nitroaromatics and the moderately electron rich aromatic systems 
Polymer 1 also displays size-exclusion properties. Diffusion of the TNT or DNT into the 
bulk of the film is necessary to achieving an efficient quenching response. If the analyte is not 
able to diffuse into the majority of the polymer film, then only quenching from the surface of the 
film can be observed, limiting the sensitivity of the material. The rigid, three-dimensional 
structure defined by the pentiptycene groups allows for the formation of galleries capable of 
inducing the binding of small, flat nitroaromatics, while larger and more three-dimensional 
interferents are excluded. This concept is illustrated in Figure 1.9. It might seem reasonable to 
hypothesize that polymer 2, which contains more electron donating groups per repeat unit would 
be more sensitive to TNT vapor than 1 because of a larger electrostatic attraction. Polymer 1, 
however, is much more sensitive to TNT vapor. This is attributed to the aforementioned porosity 
present in thin films of 1. This "internal free volume1' that is presented by iptycene groups is an 
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Figure 1.9. Conceptual illustration of how the rigid pentiptycene groups in polymer 1 induce porosity 
in the thin film and allow TNT to diffuse into the film. 
extraordinarily useful aspect of this structural moiety. 
To further enhance binding selectivity, polymer 3, which incorporates polycyclic 
aromatic groups that have triphenylene residues? These structures present three-fold symmetric 
sites that are complementary to the positive charge on TNT and DNT. This effect is depicted in 
Figure 1.10, for which electrostatic potentials have been calculated for TNT and the triphenylene 
segment of 3. 3 therefore exhibits improved sensitivity to TNT vapor. 
Figure 1.10. Triphenylene-containing polymer 3 and an illustration of the electrostatic match 
between TNT and triphenylene. 
In summary, there are many important factors that must be considered when designing 
and synthesizing a conjugated polymer sensor. Not only must the PICT process be exergonic for 
fluorescence quenching to be possible, but solid-state aggregation of polymer films must also be 
minimized in order to maximize sensitivity and reproducibility of results. A strong binding of 
the analyte of interest is also critical, which is facilitated in these cases by the %acidic properties 
of TNT and DNT, as well as the electrostatic and porous properties of polymers such as 1 and 3. 
These systems embody an excellent balance of all the necessary properties for nitroaromatic 
analytes, and as a result are highly specific and sensitive sensory materials for TNT and DNT 
vapor. 
1.4. AFP Devices - TNT detection in the field 
As is the case for any technology, the true test of merit is how it performs as part of an 
operable device in the field. This technology affords excellent laboratory results as described 
above. Taking it into the field, however, imposes many potential complications. The battlefield 
areas in which land mines and other explosives are deployed are contaminated with hundreds of 
chemicals that are not encountered in a laboratory environment, and relatively unselective 
technologies such as metal detectors bring about a high probability of time-consuming false 
alarms. Also, the complex environment of a battlefield location can present challenges such as 
changes in temperature and humidity. Using polymers developed in our research group, 
Nomadics Inc. (w ww .Nomadics.com) has built a series of completely portable instruments, 
under the trade name Fido, with femtogram detection limits of TNT.' A schematic of how the 
device works is illustrated in Figure 1.1 1. 
LEP 
Contaminated Air 
Capillary Waveguide 
Air 
Figure 1.1 1. Architecture of Fido sensor based on AFP technology. 
This detection limit greatly exceeds other detection technologies, and in side-by-side 
comparisons these devices show sensitivity comparable to trained canines in field tests for the 
detection of buried land mines. The remarkable sensitivity of this technique is sufficient to 
overcome both the low vapor pressure of TNT (ppb range) and the fact that the concentration of 
TNT in the air over a buried landmine is often several orders of magnitude lower than the 
equilibrium vapor concentration. In addition, the selectivity inherent in using this method with 
well-designed polymers such as 1 and 3 is very important. Use of these AFP devices also avoids 
the expensive and time consuming process of training dogs as well as the feeding and caring for 
live animals. Also, the stability of well-designed polymer films has been critical to the success 
of these devices in field tests. The AFP used must be photochemically stable conditions for long 
periods of time under these potentially extreme conditions. Whereas many conjugated polymers 
readily photobleach over even short durations under ambient conditions, polymers such as 1 give 
consistent fluorescence intensities even after long periods of irradiation in field tests. This is 
attributed to the pentiptycene moieties forming a protective sheath around the polymer backbone, 
serving to insulate it and prevent intermolecular photochemical reactions and self-quenching. As 
a result, these devices are stable and operable even under extreme environmental conditions. 
The simplicity of using an optical signal such as fluorescence allows for the fabrication of 
portable and easily operable devices. The inherent sensitivity and selectivity of this technique 
has led to their successful application to explosive detection in a variety of field test situations, 
including the searching of personnel, vehicles, large areas of land, and even underwater. Most 
recently, these devices have been taken beyond field tests and are being evaluated by soldiers for 
the detection of hidden explosives in truly dangerous situations. 
1.5. Improving Selectivity With Chromatographic Effects 
As is the case with any recently established technology, improvements in device 
architecture are consistently being sought to make advances in size and weight reduction, 
adaptability, and ease of use for non-technical personnel. In addition to these types of general 
improvements, advances in critical aspects more specific to explosive detection are fervently 
being investigated. These issues are the same as they are for any sensor technology: sensitivity 
and selectivity. 
Conjugated polymer sensors utilizing polymers like 1 are highly selective for only very 
electron deficient small molecules, especially nitroaromatics and quinones. Because most 
molecules in either of these two classes induce efficient fluorescence quenching, however, more 
precisely identifying what analyte the sensor has "hit" on is impossible based purely on emission 
intensity. This is because the molecules in these classes have sufficiently favorable reduction 
potentials to render the photoinduced electron transfer reaction strongly exergonic (see Eq. (3)). 
There is, however, an additional important and distinguishing parameter for determining 
quenching efficiency, the analyte vapor pressure. In the field of chemical sensing, it is typically 
viewed as a disadvantage if an analyte of great interest has a low vapor pressure. With the high 
sensitivity that amplified fluorescent polymer sensors offer, however, the low vapor pressure of 
TNT does not preclude its detection even at sub-ppb levels. Not surprisingly, analytes with 
lower vapor pressures tend to be more "sticky" in that they desorb from surfaces slowly, while 
analytes with higher vapor pressures spend more time in the vapor phase and more easily desorb. 
Differences in affinity for surfaces can be used to discriminate one analyte from another. 
Because the binding of TNT and DNT is dependant upon the structure of the polymer 
film, using two different polymers in series can assist in further discriminating the two similar 
analytes. This device architecture is pictured in Fig. 1.12. Fig. 1.13 illustrates this effect in 
comparing the temporal response of TNT vapor relative to DNT vapor in a Fido unit. The vapor 
is passed over a serial arrangement of two polymer films. The significantly lower vapor pressure 
and stronger binding of TNT causes it to progress along the length of the films more slowly than 
DNT. The differential response as a function of time between channels 1 and 2 is representative 
of a given quencher. The different peak-to-peak times between TNT and DNT, as well as 
different band shapes in the differential response provide indications of the quencher's nature. 
This effect therefore allows for the discrimination between two very similar nitroaromatic 
molecules and introduces a novel mechanism for additional s e l e c t i ~ i t ~ . ' ~  
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Figure 1.12. Schematic of dual-channel Fido for the reduction of false positives. 
This concept is in essence a chromatographic effect similar to that observed in gas 
chromatography (GC), with the conjugated polymer films acting as the stationary phase. It is 
possible that like in GC and other candidate technologies for explosive detection, these responses 
could be empirically standardized for expected analytes of interest and sensory devices calibrated 
to deconvolute temporal quenching signals to determine which analytes are present. This would 
further enhance the selectivity an already selective sensor for TNT and related compounds. 
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Figure 1.13. Differential Responses of TNT, DNT, and a volatile interferent, in a dual channel Fido 
sensor based on AFP technology. 
1.6. AFP Sensory Materials - Conclusion 
Chemical detection using fluorescence quenching of amplified fluorescent 
semiconducting conjugated polymers is an extremely effective technique that can supply high 
sensitivity and selectivity for vapor phase analytes. The "molecular wire" approach to signal 
amplification affords very high sensitivity by allowing one sensing exciton to sample many 
potential binding sites within its excited state lifetime. Taking materials such as 1 into the solid 
state is necessary for achieving maximum sensitivity and allows for the fabrication of operable 
devices that exhibit high performance in complex environments. This performance is due to 
exceptional durability, as well as the sensitivity and selectivity of these polymeric materials 
towards vapors of nitroaromatic explosives. Their ongoing evaluation by soldiers on the 
battlefield demonstrates their potential impact. 
Rational molecular design is the cornerstone of this research. Many issues and 
complications such as those described above must be considered in order to create an effective 
and reliable sensory material for a targeted analyte such as TNT. The effectiveness and 
applicability of these types of materials is constantly being improved by research in both industry 
and academia. With the nearly infinite amount of additional design features and modifications 
that can be incorporated into the chemical structures of AFP sensory materials, the expansion 
and improvement of the sensitivity, selectivity, and versatility of this technique is an exciting an 
important goal. 
1.7. Short Descriptions of Other Sensing Technologies 
The use of amplified fluorescent polymer sensors is an effective and practical method to 
detect explosives. There are, however, other competing technologies that are currently in various 
stages of development that show potential for the detection of explosives and other contraband 
materials. Several review articles on this subject have recently been published." Included here 
are short descriptions of some of these technologies. 
Trained ~ n i r n a l s : ~ ~  Dogs were some of the first tools that people used to for their sensing 
abilities since they were used as hunting animals as many as twelve thousand years ago. 
Detector dogs are currently used for a variety of purposes, including the detection of accelerant 
fumes at arson crime scenes, illegal drugs, termite infestation, and missing or wanted persons. A 
canine's olfactory system is somewhere between three and five orders of magnitude more 
sensitive than a human's. Dogs can be very effective at detecting hidden explosives, yet it 
remains unclear, especially for plastic explosives, what chemical vapor (or signature of multiple 
vapors) they actually detect. For instance, dogs that are trained to "smell" cocaine actually detect 
the drug by the smell of methyl benzoate, a cocaine decomposition product. 
Dogs also present all of the problems that accompany working with animals; dogs can get 
sick, become irritable, refuse to work, and can only work approximately eight hours in a day. 
Also, their olfactory system can become overwhelmed with an excess of an interfering vapor and 
prevent the detection of the targeted compound. In addition, very little is known about the 
details of signal transduction relative to that of an electronic instrument. Finally, the unique 
operational complexities of a dog and handler team make reliable and reproducible detection 
much less straightforward than with more traditional instrumentation. 
Ion Mobility Spectrometry ( IMS): '~  IMS is the most widely used technique for the 
detection of explosives and chemical warfare agents. More than ten thousand IMS units for 
explosive detection are currently used in airports worldwide, and more than fifty thousand 
portable chemical agent detectors based on IMS technology have been deployed in the armed 
services of various nations. 
The instrument is divided into two regions; the reaction region has an electrode 
containing 6 3 ~ i ,  which undergoes f3-type radioactive decay and emits high-energy electrons. A 
dopant gas, which collides with the f3-particles to form ions, is included in the reaction region. 
Upon introduction of an unknown sample, these ions produced from the dopant gadelectron 
collisions form charged adducts with molecules in the sample. These charged adducts proceed 
into the second region (drift region), where an electric field of about 200 Vlcm forces them to 
traverse the drift region to a detector with characteristic drift times, much like with traditional 
mass spectrometry, except in IMS the analysis is done at atmospheric pressure instead of 
vacuum. 
The choice of dopant gas can determine the polarity of the product ions used. Positive 
polarity can be achieved through the use of acetone or ammonia. Most explosives, being highly 
electron deficient, respond only in negative polarity mode, which is achieved with the 
introduction of methylene chloride or hexachloroethane to give C1- ions upon collision with f3- 
particles. Figure 1.14 illustrates the ionization process in the reaction region of an IMS 
instrument under negative polarity . 
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Figure 1.14. Conceptual summary of ionization in the reaction region of an IMS instrument. 
Although IMS is a versatile and selective technique, it does have significant drawbacks. 
The resolution of the mobility spectra obtained can be poor. This can lead to false positives 
caused by coincidences in drift time between the targeted analyte and an interferant. Also, both 
preferential charging of non-target molecules in the sample and competitive charge exchange 
within the instrument can lead to false negatives. This has been addressed through the addition 
of a gas chromatograph before the detector, but this leads to longer analysis time and additional 
complex instrumentation for non-technical operators. Finally, the limit of detection for IMS 
(tens to hundreds of picograms) is not sufficient for vapor-phase detection of many explosives. 
Nuclear Quadropole Resonance (NQR):14 NQR is a technique that has much in common 
with nuclear magnetic resonance (NMR). They both involve the excitation of low energy 
transitions within magnetically active nuclei with electromagnetic radiation. However, where 
NMR requires a strong external magnetic field to align magnetic dipole moments, NQR uses the 
electric-field gradient supplied by the electrons that surround the nucleus. Not all nuclei have 
electric quadropole moments, however. Only those in which the positive charge is not 
distributed with perfect spherical symmetry are NQR-active. What makes NQR useful for 
14 chemical detection purposes is that the common isotope of nitrogen, N, is one such nucleus. 
Large numbers of nitrogen atoms can be found in most explosive molecules and 
narcotics. Much like NMR, the frequency of the nitrogen NQR signal is heavily dependant upon 
chemical environment. This allows explosives to be readily distinguished from other, harmless 
materials that also contain nitrogen. NQR also has some potential for effective standoff 
detection. However, the signals obtained from NQR are very weak. Therefore, obtaining 
reliable information from this technique requires long acquisition times to improve the signal-to- 
noise ratio. This makes NQR too slow for many applications, and it has been relegated to a 
candidate for a "conformation sensor", which could reduce the number of false alarms when 
combined with a faster but less selective technique. In addition, there are explosives that do not 
contain nitrogen, such as triacetone triperoxide (TATP). 
Gas Chromatography (GC):"" GC is a generally effective method for trace detection. 
Typical laboratory-style GC is much too slow to for the rapid screening of people and packages 
at security checkpoints. Therefore, high gas flows, short columns, and high temperatures are 
used in these situations. However, these conditions reduce the separation efficiency of this 
method. 
In order to enhance the efficacy of these GC methods for the detection of explosives, it 
has been coupled with several different detection techniques. One of these is electron capture 
detection (ECD). This detector consists of two electrodes, between which the sample to be 
analyzed flows upon exiting the column. One of these electrodes is coated with the radioactive 
isotope 63Ni, which emits electrons that bombard the carrier gas and generate more secondary 
thermal electrons. This flow of electrons is attracted to the second electrode to generate a 
current. When electron-deficient explosive molecules exit the GC, they effectively capture some 
of the electrons, resulting in the reduction of current (the output signal). However, ECD has 
relatively low selectivity. 
Chemiluminescence is the second type of detection method that has been coupled with 
GC for explosive detection. Upon pyrolysis of the separated sample, nitro compounds 
decompose, in part, into nitric oxide. The NO product is then oxidized in an ozone chamber to 
yield electronically excited NO2, which subsequently relaxes to its ground state by emission at 
600 nm. A photomultiplier tube can then detect the emitted photons to yield an electrical signal. 
This technology, although it is selective, is very expensive and does not detect non-nitrated 
molecules. 
Mass Sensors: Surface Acoustic Wave (SA w)" and Microcantilever ( pCL) Devices : l6 
These (especially the pCL systems) are among the most sensitive devices for the detection of 
vapors. They rely upon the slight changing of a substrate mechanical property when the mass 
upon them changes. SAW devices monitor the frequency of an acoustic wave along the surface 
of a piezoelectric crystal, while bending and resonant frequency are the output signals of the 
pCLs. In order to induce the absorption of 
vapors onto the substrates, the surfaces are 
typically coated with a functionalized polymer 
that targets the desired class of compounds. 
Modifications in the polymer coatings have 
CN 
focused on their polarity and their hydrogen- Figure 1.15. Several of the functionalized 
absorbant polymers developed for use on SAW 
and microcantilever sensors. 
bonding characteristics (Figure 1.15). l7 In addition, self-assembled monolayers of carboxylate- 
substituted thiols on gold-plated cantilevers have also been used for the detection of the high 
explosive RDX. l8 
Although these are highly sensitive devices, they are not very selective. Selectivity can 
be improved with using arrays of these sensors and combinations of different polymer coatings, 
together with pattern recognition.15 Nevertheless, SAW devices and pCLs remain, in essence, 
very sensitive balances that respond to mass and are therefore highly susceptible to false alarms. 
There is clearly a suite of technologies available for further development for the detection 
of explosives, chemical and biological weapons, and other contraband. It seems unlikely that 
there will be one single technology that will be useful for every type of analyte in every situation. 
Therefore, it is in everyone's best interest that every viable technology be thoroughly researched 
and developed from both fundamental and applied standpoints. People everywhere will be safer 
for it. 
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Capabilities of Simple Amine-Containing Conjugated 
Polymers 
Reproduced in part with permission from: 
Thomas, S. W., 111; Swager, T. M. Macromolecules 2005,38,2716. 
Copyright [2005] American Chemical Society. 
AND 
Thomas, S. W., 111; Swager, T. M. Adv. Muter. 2006,18, 1047. 
2.1. Introduction 
Organic semiconductors have uniquely tunable optical and electronic properties that can 
be tailored for particular applications. Important design principles naturally depend on the 
application for which the conjugated polymer is intended. Sensor systems based on conjugated 
polymers developed in our research group and elsewhere typically rely on amplified signal 
transduction by electron transfer quenching from the conjugated polymer to a bound analyte,' or 
by fluorescence resonance energy transfer from the polymer to an energy ac~ep to r .~  
Amplification arises from the ability of delocalized photogenerated excitons to sample many 
potential binding sites within one excited state lifetime. Some recent important design principles 
in this field have included the incorporation of shape-persistent three-dimensional structures to 
prevent aggregation of conjugated polymer chains in the solid state,lC3 the introduction of 
electron-poor substituents to reverse the direction of electron transfer with electron-rich 
analytes? and the taking advantage of biological binding events to give highly specific sensing.' 
One of our goals is to expand the versatility of conjugated polymer sensors to include the 
ability to sense, via an amplified photoinduced electron transfer quenching scheme, analytes that 
have less favorable reduction potentials than nitroaromatics and quinones. This requires the 
development of conjugated polymers with stronger electron-donating character and smaller 
workfunctions for two important reasons. The first reason is to increase the degree to which the 
analyte binds to the conjugated polymer film. Those molecules that are less electron-deficient 
than nitroaromatics or quinones will not have as strong an electrostatic attraction to the sensory 
material, and a more electron-rich film may help to increase the driving force for binding. 
The second important impetus for increasing the electron-density of conjugated 
polymers, as it relates to analytes that are less electron-deficient than nitroaromatics or quinones, 
is that it may increase the driving force for photoinduced 
charge transfer (PICT) from the polymer to the analyte. 
PICT is the transduction mechanism for sensing of 
nitroaromatics, and the destruction of the polymer excited 
OR 
state associated with PICT is what causes fluorescence 
quenching in the presence of molecules such as TNT or 
Figure 2.1. Pentiptycene PPE used 
DNT. The current class of materials that is being used for forTNT/DNT sensing. 
TNTIDNT detection, di-alkoxyphenyllpentiptycene poly(phenyleneethyny1ene)s (PPEs) is 
pictured in Figure 2.1." The change in free energy for PICT, when these materials are used, is 
only negative for nitroaromatics and quinones. In order to extend this very sensitive detection 
method to other classes of analytes, the excited state energy must be increased. Making 
conjugated polymers easier to oxidize may help to realize this goal. 
Another important goal in which readily oxidized conjugated polymers may be of use is 
the detection of toxic reducing agents, such as hydrazine. One could envision oxidizing such a 
material to give fluorescence quenching by PICT, followed by exposure to the reductant to give 
an increase in fluorescence intensity. This research is 
. f-NA I
summarized in the second part of this chapter. 
OC1 2H25 
As part of our efforts to realize this goal of making $-lo* 
S n 
new materials that are more readily oxidized we observed that C1 2H250 
although there is a large amount of published research that Figure 2.2. Example of metal- 
chelating PPE with pendant 
concerns conjugated polymers substituted with alkoxy groups amine groups. 
on the aromatic rings of the backbone, there is relatively little available literature concerning 
simple amine-containing conjugated polymers. Figure 2.2 illustrates a type of amine-containing 
conjugated polymers about which there is some published research that deals with structures that 
have electronically isolated amine  group^.^ These types of polymers are used for metal ion 
detection by amine chelation. 
The other commonly researched types of amine-containing conjugated polymers are 
those that incorporate di- or triarylamines directly into the conjugation pathway (Figure 2.3)? 
These are usually designed for use in polymer-based fQp+-(-y light-emitting diodes (PLEDs), because 
C8H17 C8H17 
triarylamines are effective, commonly used hole- 
C4H9 
Figure 2.3. Triarylamine-containing transporting materials. Carbazole-containing 
poly(fluorene) for electroluminescent 
devices. conjugated polymers, especially those of the 
poly(f1uorene) class, have also been reported.' One previously reported simple alkylamine-based 
conjugated polymer class are poly(bis-(dialkylamino) phenylene-vinylene)~ about which there 
are several reports which focus on their potential as anti-corrosion  coating^.^ 
Herein is summarized the synthesis and photophysical properties of a series of simple 
alkylated amine-containing conjugated polymers, in which the amines are part of the conjugated 
system and therefore strongly influence the electronic and optical properties of the polymers. 
Their use as hydrazine sensing materials is also presented. 
2*2. Amine-Containing Monomer Synthesis 
The three basic amine-containing synthetic building blocks used in the design and 
synthesis of these polymers are illustrated in Figure 2.4. These include the 2,7-disubstituted 
carbazole unit, the 2,5-disubstituted aniline unit, and the 2,5-disubstituted p a r a -  
phenylenediamine unit. Carbazole-containing conjugated systems polymerized through the 2- 
and 7- positions are preferable to the more easily prepared 3,6-disubstituted systems because of a 
N R~ 
Figure 2.4. Amine-containing building blocks used in polymer synthesis. 
greater degree of delocalization along the polymer backbone.&*" Polymers substituted through 
the 3,6-positions are have very short conjugation lengths because of decreased electronic 
communication through these positions. There have been efficient published syntheses of N- 
alkyl-2,7-dichloro- or dibromocarbazoles for the purpose of making polymers via metal- 
mediated cross-coupling chemistry.&*1° In our hands, the published procedure for N-alkyl-2,7- 
diiodocarbazole worked but gave low yields.& Instead, the 2,7-diiodide 1 could be readily 
obtained in 45% yield after recrystallization by lithiation of the corresponding dibromide1° 
followed by quenching with molecular iodine, as illustrated in Scheme 2.1. 
N,N-dialkylanilines containing iodides or terminal acetylenes for the synthesis of 
poly(pheny1yene ethynylene)~, heretofore unreported in the literature, can be obtained in a 
i) C4H9Li 
Br / \ 1 \ Br ii)l2 
THF 
45% 
B r a  - c.1 X& NR2 
0 15-Crown-5 0 2) KOH 
Br 84% Br 72% I MeOH, THF \\ 
COCl 
COCl 
2) KOH 
I MeOHKHF 
NR2 48% 
6 7 8 
Scheme 2.1. Synthesis of amine-containing monomers used in cross-coupling polymerizations. 
straightforward and efficient manner as shown in Scheme 2.1. Dialkylation of 2,s- 
dibromoaniline using sodium hydride and the appropriate alkyl bromide in THF gave the fully 
alkylated dibromoaniline 2 in 84% yield. Transhalogenation as described for carbazole (vide 
supra) gave the diiodide 3 in 72% yield. The bis(trimethylsily1-acetylene) was isolated in 64% 
yield by Sonogashira cross-coupling with a small excess of (trimethylsily1)acetylene. As a 
byproduct of this reaction, the monoiodide illustrated in Scheme 2.1 was also isolated in 16% 
yield. The regiochemistry of this byproduct was confirmed by analysis of coupling constants 
and chemical shifts in the 'H NMR spectrum. This is the expected byproduct regiochemistry, 
since a combination of electron-donating ability and steric influence of the amine can retard 
cross-coupling reactions at the ortho position. Each of these monomer precursors could be 
readily deprotected in a basic methanol1THF mixture to reveal the terminal acetylenes 4 and 5. 
Tetraalkylated diiodophenylenediamines have been reported previously." Scheme 2.1 
shows that by carrying out a Curtius rearrangement with the diacyl azide (prepared from the 
corresponding diacyl chloridelb) the diiodophenylenediamine was efficiently prepared. 
Tetraalkylation with a primary bromide in the presence of sodium hydride and 15-crown-5 gave 
11 12 
Figure 2.5. Comonomers used in cross-coupling polymerizations. 
the desired diiodide monomer 7. This was also transformed into the diacetylene monomer (8) 
via a similar Sonogashira coupling/deprotection sequence as described above. 
2.3. Polymer Synthesis 
These amine-containing monomers were effectively polymerized using standard cross- 
coupling polymerization methods. Figure 2.6 illustrates the polymers synthesized in this study, 
while Table 2.1 summarizes the molecular weights and degrees of polymerization. 
Poly(pheny1ene-ethynylene)~ (PPEs) were prepared using tetrakis(tripheny1phosphine) palladium 
Figure 2.6. Polymers synthesized in this study. 
Table 2.1. Polymer Molecular Weight and Solution Optical Properties (THF) 
Polvmer Mn (DP)" Abs. Uonset) Abs. Urnax) Emis. Mmax) 9 ' 
P1 6,700 (7) 490 nm 420 nm 458 nm 0.28 0.6 
P2 6,300 (8)b 450 nm 386 nm 423 nm 0.5 1 0.5 
P3 11K (14) 485 nm 350 nm 476 nm 0.64 1.8 
P4 16K (23) 495 nm 426 nm 471 nm 0.30 1 .O 
P5 32K(46)' 495 nm 435 nm 480nm 0.58 0.9 
P6 20K (19) 550 nm 353 nm 580 nm 0.50 3.9 
P7 3 1K (33) 550 nm 453 nm 594 nm 0.39 3.2 
PS 14K (18) 415 nm 368 nm 413 nm 0.86 0.6 
P9 6,600 (9) 425 nm 366 nm 453 nm 0.57 1.9 
PI0  4,000 (4) 445 nm 360 nm 512 nm 0.22 4.2 
" Molecular weights were determined by gel permeation chromatography (GPC) and are 
reported relative to polystyrene standards. ~ef lects  the molecular weight of only the soluble 
portion (-50%). ' Reflects the molecular weight of only the soluble portion (-30%). 
Reported fluorescence lifetimes are fit to a single exponential function. 
and copper iodide catalysts in the presence of an amine solvent. It was found that a mixture of 
toluene and diisopropylamine was a better solvent system than morpholine, giving higher 
molecular weights and yields of the PPEs. Several different comonomers with different steric 
and electronic properties were used, as illustrated in Figure 2.5. This included the standard 
dialkoxy monomers 9 and 11, as well as the pentiptycene monomer 10, which was utilized to 
prevent aggregation of the PPE chains in the solid state. Sonogashira polymerizations with 2,7- 
diiodocarbazole (PI, P2) were only moderately effective, giving materials with low degrees of 
polymerization and of limited solubility. 
Polymerization reactions with amine-containing aryl iodides were less efficient that those 
with amine-containing aryl alkynes, giving lower degrees of polymerization with longer reaction 
times and higher temperatures. Polymers prepared with amine-containing dialkynes (P5 and P7, 
with 5 and 8 respectively) had to be precipitated after 6 hours at 65 "C, otherwise insoluble, very 
high molecular weight materials were obtained. Conversely, P3 and P6 (with 3 and 7 
respectively) were polymerized for 48 hours at 90 "C and still gave lower molecular weights. 
The presence of very strong electron donating groups on aryl halides typically has a detrimental 
effect on cross-coupling reactions due to a slowing of the oxidative addition step of the catalytic 
cycle. A previous report of attempts to polymerize amine-substituted aryl dibromides under 
Sonogashira conditions reported only failed  polymerization^.'^ Here, the more reactive diiodide 
could be effectively polymerized. 
Similar reactivity trends were observed in the synthesis of poly(pheny1ene)s. These 
polymers, P8 ,  P 9  and P10 ,  were prepared via biphasic Suzuki polymerization using 
tetrakis(tripheny1phosphine)palladium and potassium carbonate in the presence of a quaternary 
ammonium salt as a phase transfer catalyst. A diboronic ester of 9,9-dioctylfluorene (12) was 
used as the comonomer in these polymerizations. Whereas using a standard para- 
dialkoxydiiodide under these conditions gave a number average molecular weight of 14,000 
(determined by GPC, DP = 18), using the diiodoaniline 3 gave a more modest molecular weight 
of 6,600. The diaminodiiodide 7 proved to be the least efficient coupling partner giving PI0  as a 
mixture of oligomers with a number average molecular weight of 4,000. In the case of 
poly(phenylene)s, optical properties were found to be very similar for fractionated (via 
preparative gel permeation chromatography) high molecular weight polymer as for bulk 
precipitated p ~ l y m e r . ~  
2*4. Solution Electronic Spectra 
UVIvis spectra of all the polymers synthesized in this study were acquired in solution. 
As can be observed in Figure 2.7 and Table 2.1, the absorption stretches further to red as a 
function of electron density in the polymer chain. This is expected, since increasing electron 
density in a conjugated polymer reduces the oxidation potential, thereby raising the energy of the 
valence band. This effect is well documented for moderately electron-donating alkoxy groups.13 
The strongly donating amine 
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groups in this study show this trend to an even greater extent. 
300 350 400 450 500 550 
Wavelength, nm 
Figure 2.7. Absorption spectra of the structurally analogous PPEs P2 (carbazole), P3 (monoamine), and 
P6 (diamine) in THF. 
PPEs containing carbazole synthesized in this study behaved very similarly to well 
known dialkoxy PPEs. They have a relatively narrow absorption band in the violet or ultraviolet 
region of the spectrum and display little solvatochromism. In contrast, the polymers that contain 
dialkylamino groups do not follow these trends. Most showed very broad absorption bands with 
local maxima in the ultraviolet and long tails that decay well into the visible. Polymers P3, P4, 
P6, and P7 even display what appear to be two distinct transitions in this spectral region, with 
one occurring at about 350 nm and the other in the visible. Initial speculation that this was due 
to the presence of lower molecular-weight oligomers was overturned, because samples (obtained 
via prep-GPC) of high molecular weight (DP > 15) and narrow polydispersity (PDI - 1.05) 
showed identical spectra. Similarly broad electronic spectra have been previously observed with 
a PPE containing only dialkylamino substituents.14 This effect can be attributed to a more varied 
collection of polymer conformations in solution. 
Table 2.2. Polymer Solvatochromism (nm) 
Absorbance LX Emission A,- 
Toluene THF Toluene THF 
P3 338 350 462 475 
P4 425 426 467 47 1 
P5 434 435 478 480 
P6 350 353 561 580 
P7 453 453 582 594 
P9 366 366 445 453 
PI0 350 360 500 512 
Also in contrast to the carbazole-containing polymers, several of the dialkylamino 
polymers presented here also display solvatochromism in their absorption spectra. Table 2.2 
displays this effect in toluene and THF. This is most easily visualized in Figure 2.9 with P3, 
which is a copolymer PPE with alternating aniline and pentiptycene units. The maximum 
absorbance shifts from 338 nm in toluene to 350 nm in tetrahydrofuran (THF) to 358 nm in N,N- 
dimethylformamide (DMF). Comparison of GPC traces of P3 in THF and DMF show the same 
degree of polymerization and therefore no apparent aggregation in the more polar DMF. The 
observation of solvatochromic behavior typically indicates the presence of charge transfer 
character. In these polymers, there are no traditional electron-withdrawing groups along the 
polymer chain, and therefore no clear donor-acceptor CT states. However, those materials that 
have the largest disparity in the electron density of the two co-monomers show the greatest 
solvatochromic shifts. This is indicative of the strong donor character of the amine in the 
conjugated polymer framework, with the pentiptycene monomer acting as the most efficient 
acceptor in this series of materials. 
400 450 500 550 600 650 700 750 
Wavelength, nm 
400 440 480 520 560 600 640 680 
Wavelength, nm 
Figure 2a8a Top: Emission spectra of structurally related pentiptycene-PPEs P3, P5, and P6 in THE 
Bottom: Emission spectra of fluorene-based poly(p-phenylene)~ P8, P9 and PI0 in THE 
2.5. Solution-State Fluorescence 
Figure 2.8 displays fluorescence spectra of several of the amino-containing polymers in 
THF, while Table 2.1 summarizes important fluorescence data of these polymers. As expected, 
when more electron density is injected into the polymer main chain, there is a corresponding red 
shift of the emission spectrum. On an absolute scale the poly(pheny1ene)s gave blue-shifted 
emission spectra relative to PPEs made up of electronically similar monomers. For instance, 
comparing the emission spectra of P3  and P9 shows a 23 nm blue shift for the poly(pheny1ene). 
PPPs are known to be a more blue-emitting class on conjugated polymers relative to PPEs, due 
to a decrease in effective conjugation along the polymer main chain and higher aromatic 
character stemming from the twisted biphenyl-type linkages? 
As was observed in the absorption spectra, there is significant solvatochromism in the 
emission spectra of some of the dialkylamino conjugated polymers studied. The solvent- 
dependant emission of P3, illustrated in Figure 2.9, shifted from 462 nm in toluene to 499 nm in 
DMF. This corresponds to a stabilization of 4 . 2  eV, similar to that observed in the absorption 
spectra. Once again, the degree of solvatochromism was largest when the difference between the 
electron donating ability of the comonomers (i.e. P3, P6, and P10) was maximized. 
There are several other interesting and unique trends in the emission of conjugated 
polymers containing dialkyl amino groups. Whereas most conjugated polymers display at least 
some vibronic structure in their room temperature emission spectra (including the carbazole 
PPEs presented here), these conjugated polymers with dialkylamino groups have spectra that are 
broad and featureless. This is accompanied by a large Stokes shift, which is greater in magnitude 
for diamine polymers relative to monoamine polymers. Finally, there is a dramatic lengthening 
of excited state lifetimes upon introduction of dialkyl amino groups. This can be easily observed 
in structurally similar polymers P2, P 3  and P6 (pentiptycene-containing PPE class, from 0.5 ns 
to 3.9 ns), P I ,  P5, and P7 (dialkoxyphenylene-containing PPE class, from 0.6 ns to 3.2 ns) and 
P8 through PI0 (PPP class, from 0.6 ns to 4.2 ns). 
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substantially different geometry between the ground state and the emitting excited state because 
this leads to poor overlap between the vibronic wavefunctions of the two states. 
This model is further supported by a strong correlation between Stokes Shift and excited 
state liftetime. Longer excited state lifetimes indicate slower rates of radiative decay, also 
consistent with the smaller overlap of the vibronic wavefunctions of structurally different ground 
and excited states. Evidence for this significant of a structural difference between ground and 
excited states is not observed in more thoroughly studied dialkoxy conjugated polymers nor in 
the carbazole-based polymers studied here. Although the reason for this difference between the 
two types of materials has not been rigorously determined, the increased steric demand of the 
dialkylamine groups may lead to a larger distribution of rotational conformers in the than found 
with other materials. This is supported by the fact that polymers made with the most sterically 
demanding comonomer, the pentiptycene unit, gave the most broadened absorption spectra. 
2.6. Thin Film Behavior 
Absorption and emission spectra of spun cast thin films of these polymers from either 
chloroform or THF were acquired. Many of the polymers show adequate solid-state brightness 
for use in sensory devices. Table 2.3 summarizes some of the optical properties of these 
polymers in thin film. These polymers follow some of the same trends in the solid state as in 
solution. For instance, polymers with more electron donating groups are further red shifted than 
those with less. Dialkylamino polymers gave broad and featureless spectra, while polymers 
containing only alkoxy groups retain more vibronic structure in their thin film emission. 
All polymers in the poly(pheny1ene) series displayed only limited aggregation behavior 
based on the absorption and emission spectra, in that there is minimal bathochromic shifting in 
the thin film relative to solution,17 as well as retention of strong emission in the solid state. 
These qualities are amongst those that have made them so popular in PLED research.'' 
Table 2.3. Thin Film Optical Properties 
The PPE series also shows interesting solid-state behavior. Carbazole-based polymers P1 
and P2 are highly quenched in thin film, and also exhibit a new band that is highly red shifted 
relative to the solution emission, without a corresponding change in the absorbance spectra. 
These results are consistent with formation of an exciplex, which carbazole is known to form 
with the emissive layers of OLEDS.'~ It could also be due to the formation of a small amount of 
low-energy traps, possibly induced by aggregation, which could not be observed by absorption 
spectroscopy. 
Most of the dialkylamino PPEs, on the other hand, still retained significant solid-state 
emission intensity upon spin casting thin films. Excluding P4, the emission spectra in the solid 
state are very similar in spectral position and shape (shifts in spun cast films were less than 10 
nm) relative to their solution spectra. Distinct aggregation bands were not observed in the 
emission spectra. This is true even for polymers P5 and P7 that do not contain rigid 
pentiptycene groups. The well behaved emission of thin films of these materials is probably due 
to the conformational variety and twisting in the polymer backbones, which limits the amount of 
self-quenching that can occur by =stacking. The polymer that has the least steric interactions to 
cause twisting, the regioregular P4, shows an aggregation band in the solid state and a red- 
shifted emission signal that does not correspond to the solution spectra. Nevertheless, those 
polymers with pentiptycene groups, P3 and P6, show a smaller red shift in the maxima of their 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
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Figure 2.10. Toluene solution (solid line) and thin film (dotted line) absorption and emission spectra 
of P6 (top) and P7 (bottom). 
Wavelength, nm 
Figure 2.11. THF solution (solid line) and thin film (dotted line) absorption and emission spectra of P4. 
absorption spectra between solution and film (3-5 nm) then do P5 and P7, which show a shift of 
15-20 nm. This highlights the ability of the pentiptycene moiety to prevent interchain 
interactions in the solid state." Figures 2.10 and 2.11 illustrate these properties for several of the 
polymers studied. The well-behaved solid-state photophysics of most of these polymers, even 
some of those without pentiptycene moieties, make them candidates for fluorescent 
chemosensing materials. 
2*7. Hydrazine Detection 
Hydrazine, a heavily used industrial chemical, has been implicated as a carcinogen and is 
readily absorbed through the skin." Its strong reducing power has led to its use as an oxygen 
scavenger and corrosion inhibitor in various applications involving water-heating systems, as 
well as a fuel in rocket propulsion systems. As a result of its toxicity and reactivity, facile 
detection of hydrazine is also relevant to homeland security. Traditional analytical methods 
utilized for hydrazine detection include spectrophotometric detection:' as well as assorted 
electrochemical schemes." The expansion of conducting polymer sensory materials '" has also 
led to their application towards the detection of hydrazine. Of primary interest for the detection 
of hydrazine have been the conducting properties of p~ly(pyrrole),~ poly( th i~phene) ,~  and 
p~ly(aniline).~' 
To our knowledge, however, amplifying fluorescent polymers (AFPs), have not been 
explored for hydrazine detection. AFPs show very high sensitivities to quenching analytes such 
as 2,4,6-trinitrotoluene (TNT), via a photoinduced electron transfer quenching ("turn-off") 
mechanism.'" This sensitivity of fluorescence quenching is due to a combination of inter- and 
intra-chain exciton transport in thin films. Herein is summarized a "turn-on" fluorescence 
detection method for hydrazine vapor with AFPs. 
We investigated several amine containing polymers (P3, P6) for hydrazine detection. 
These conjugated polymers are structurally related poly(pheny1ene ethynylene)~ (PPEs), varying 
in their degree of electron density along the polymer chain. We chose the pentiptycene PPEs 
because of their previous utility in TNT detection and their superior mechanical properties, 
primarily due to their higher molecular weights. Also, poly(fluorene)s are known to readily 
undergo an oxidative decomposition process, that the electron rich aniline rings of P9 and P I 0  
could potentially enhance. We also investigated the standard TNT sensory polymer pictured in 
Figure 2.1 (PI 1). 
The response of P6 to saturated hydrazine vapor (10 second exposure) is given in Figure 
2.12. It is clear from Figure 2.12 that no new emitting species were generated by exposure to 
hydrazine, since the spectral shape does not change. In addition, the excitation spectrum of the 
polymer remained the same after the introduction of hydrazine. The other polymers investigated 
also showed no shape change in their emission spectra upon exposure to hydrazine vapor. 
The structure-property trend of emission enhancements of these polymer films upon 
exposure to saturated hydrazine vapor corresponded to the electron density on the polymer 
chains. The aryl diamine-containing polymer P6 gave largest average emission enhancements 
when exposed to saturated hydrazine vapor. This was followed by monoamine polymer P3, and 
P11 showed only a very small enhancement. Therefore, the most readily oxidized polymer gave 
the largest emission enhancement. This is also illustrated in the comparisons of emission 
enhancements for the three materials in Figure 2.12. 
Wavelength, nm 
Wavelength, nm Wavelength, nm 
Figure 2.12. Top: Emission spectra of P3 before (dotted) and after (solid) exposure to an equilibrium 
vapor of hydrazine for 10 seconds. Bottom: Results of the same experiment for films of PI1 (lef) and 
P3 (right). 
In addition, this enhancement was not observed in solution upon addition of hydrazine. 
This lack of a solution-phase enhancement suggests that there are a small number of quenching 
sites within the thin films of the readily oxidized polymers. Exciton and energy migration in 
conjugated polymers is much more efficient in the solid state than in solution, and the presence 
of a small number of quenching sites within a thin film can cause a large degree of fluorescence 
quenching. This is the reason why sensing highly electron-deficient analytes like TNT is so 
efficient with these materials.' 
These three observations, combined with the reducing nature of hydrazine, have led us to 
propose that the transduction mechanism for emission enhancement with these materials is an 
"unquenching" type of mechanism, in which the addition of hydrazine vapor eliminates a non- 
radiative decay pathway of the conjugated polymer, resulting in a higher solid-state quantum 
Quencher Reduced 
Quencher 
Non-Radiative 
Decay 
Polaron-Type Trap 
Trap Removed 
Before Hydrazine 1 '  
Amplified 
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Figure 2.13. Conceptual illustration (top) and band diagram (bottom) illustrating how the emission of 
multiple excited states (represented as dipoles) can be "turned on" by reduction of oxidized traps with 
hydrazine vapor. 
yield of the fluorescent film. The non-radiative decay pathway that is suppressed upon addition 
of hydrazine is likely quenching by a small number of oxidized trap sites along the polymer 
backbone. The removal of these traps by reduction with hydrazine vapor leads to a large 
fluorescence increase, which is larger for materials that are more prone to oxidation under 
ambient conditions. This proposed mechanism, which is summarized conceptually in Figure 
2.13, is essentially the reverse of the process by which AFPs detect electron-poor analytes by 
fluorescence quenching. ' 
This scheme has also been applied to the detection of trace hydrazine vapor. Figure 2.14 
illustrates the response of a partially photobleached film of P3 to 1 part-per-million (permissible 
exposure limit) of hydrazine vapor. In order to acquire reproducible quantitative data the 
polymer films were coated on the inside of a glass capillary and analyzed in a Fido sensory 
p l a t f ~ r m . ~  This device allows for the collection of fluorescence intensity data of a thin film 
while it is exposed to a continuous flow of analyte vapor. Low concentrations of hydrazine 
analyte were generated by flowing nitrogen gas past a heated permeation tube with a known rate 
t, seconds 
Figure 2.14. Time-dependent emission of a photobleached film of P3 in a Fido sensing platform exposed 
to 1 ppm hydrazine vapor for 60 sec. 
of hydrazine diffusion. Adjusting the flow rate of N, allowed for the preparation of a dilute gas- 
phase sample of hydrazine with a known concentration. Photooxidation by simple irradiation in 
ambient atmosphere at the excitation wavelength for 2-3 minutes increased the number of 
oxidized traps along the polymer backbone, as was evidenced by the decrease in fluorescence 
intensity as a function of irradiation time. This photobleaching procedure allowed for a larger 
onloff ratio upon exposure to hydrazine vapor. This observation also supports our proposed 
transduction mechanism (vide supra). We have observed turn-on signals at concentrations as 
low as 100 parts-per-billion (10% of the permissible exposure limit) hydrazine vapor. These low 
detection thresholds highlight the amplified nature of the signal transduction. 
The intentional inclusion of traps by I, doping gave the system a much lower background 
signal while maintaining the amplified nature of the transduction. Figure 2.15 illustrates the 
UVIvis spectra of a thin film of polymer P6 upon exposure to iodine and hydrazine. Exposure to 
iodine resulted in a significant spectral change of P6, including a lowering of the absorbance in 
between 400 and 500 nm, which cannot be explained by simple iodine intercalation. The 
polymers that were more difficult to oxidize (P3 and P11) showed no evidence of chemical 
reaction with I,. All three polymers showed almost complete fluorescence quenching upon 
exposure to saturated I, vapor. The observed fluorescence quenching of P 3  and P I 1  by I, vapor 
is likely due to intercalation of I, rather than chemical oxidation. Exposure of the oxidized P3 to 
saturated hydrazine vapor resulted in a nearly full recovery of solid-state emission with identical 
spectral shape (Figure 2.16, left) by reduction of oxidized polymer chains and intercalated iodine. 
Figure 2.17 illustrates the reproducibility of the process over multiple iodineihydrazine exposure 
cycles for the readily oxidized P6. 
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Figure 2.15. Top: UVIvis spectra of a film of P3 before (solid) and after (dot-dash) exposure to I, 
vapor. Dotted line is the spectrum after exposure of the doped film to saturated hydrazine vapor for 5 
seconds. Bottom: Results of the same experiment for films of PI1 and P3. 
The use of molecular iodine as an intentional oxidizing vapor has also been used for trace 
hydrazine detection. Figure 2.16 (right) illustrates the time-dependant fluorescence response of a 
thin film of iodine-doped (exposed to saturated iodine vapor for -1 second) P3 to 1 ppm 
hydrazine vapor in a Fido sensing platform. The onloff ratio of this material was much larger 
than with the pure polymer, since the intercalated iodine almost completely quenched the 
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Figure 2.16. Left: Spectral Response of P3 before (dotted) and after (black) to equilibrium iodine 
vapor for ca. 5 seconds, followed by exposure to equilibrium hydrazine vapor (grey). Right: 
Fluorescence trace of I, doped P3 exposed to 1 ppm hydrazine. 
Time, seconds 
Figure 2.17. Normalized emission intensity of a film of P6 upon exposure to saturated iodine vapor 
(quench) followed by saturated hydrazine vapor (recovery). This plot demonstrates the reversibility of the 
hydrazine sensing by this method. 
emission of the film. In this example there was a fluorescence enhancement of almost one order 
of magnitude within five minutes. 
This approach to hydrazine detection has several advantages. The high sensitivity of 
fluorescence spectroscopy allows for the reliable detection of very small changes in fluorescence 
intensity. Also, this type of "turn-on" fluorescence sensory scheme is preferable to the more 
common "turn-off' mechanism, since there are far fewer potential interferants that could cause a 
false positive with an emission increase. The primary interferants of this detection scheme are 
other amines such as ammonia. These are typical interferants in hydrazine detection schemes 
that rely upon reduction as the transduction However, as has been noted with 
these other hydrazine detection schemes, these simple amines are not strong interferants at low 
concentrations, with a 50 ppm concentration of ammonia giving a signal increase (20%) at least 
an order of magnitude less than that observed with 1 ppm hydrazine. Organic solvents such as 
tetrahydrofuran or methanol showed no interfering behavior. 
2.8. Conclusion 
This chapter has summarized the design, synthesis, and photophysical characterization of 
a series of new simple amine-containing conjugated polymers in which the amines are part of the 
conjugated system. The color of emission was easily tunable over a broad range as a function of 
electron density on the polymer chain, with more electron-rich polymers giving red-shifted 
emission. The solution optical properties of carbazole-containing PPEs were similar to most 
related polymers, while their high degree of self-quenching in the solid-state made them poor 
candidates for sensory applications. On the other hand, PPEs and PPPs containing dialkylamino 
groups displayed unique photophysical properties, including larger Stokes shifts and longer 
excited state lifetimes. Most were not too strongly self-quenched in the solid and therefore 
retained a significant degree of solid-state luminescence. 
The use of some of these electron-rich polymers in an amplified turn-on sensory scheme 
for hydrazine vapor using fluorescent conjugated polymers was also described. More readily 
oxidized polymers such as P6 gave larger on/off ratios upon exposure to hydrazine and are more 
likely to be useful in this application. The proposed mechanism involves a small number of 
oxidized sites within conjugated polymer films being reduced by hydrazine vapor to give large 
increases in fluorescence intensity. This type of "unquenching" mechanism is essentially the 
reverse of amplified detection by fluorescence quenching of conjugated polymer films in 
response to electron poor analytes. The intentional introduction of iodine as a hydrazine- 
reducable quencher and oxidant reduced the intensity of the background fluorescence signal in 
trace detection experiments. In addition, it is anticipated that hydrazine exposure of functional 
conjugated polymer films (e.g. for explosives detection) that have lost a portion of their solid- 
state emission due to aging or photobleaching may allow for the extension of their useful 
lifetimes. 
2.9. Experimental Section 
General Methods and Instrumentation. All synthetic manipulations were performed under an 
argon atmosphere using standard Schlenk techniques unless otherwise noted. NMR ('H and 13c ) 
spectra were recorded on either a Varian Mercury 300 MHz or a Varian INOVA 500 MHz 
spectrometer. NMR chemical shifts are referenced to residual protonated solvent. High- 
resolution mass spectra (HRMS) were obtained at the MIT Department of Chemistry 
Instrumentation Facility using a peak-matching protocol to determine the mass and error range of 
the molecular ion. Polymer molecular weights were determined by gel-permeation 
chromatography (GPC) using an HP series 1100 GPC system running at 1.0 d m i n  in THF or 
DMF equipped with a diode array detector (254 nm and 450 nm) and a refractive index detector. 
Molecular weights are reported relative to polystyrene standards. Preparative GPC was 
performed in THF using a 10 pm PLgel preparative GPC column. The flow was supplied by a 
Rainin HPXL solvent delivery system at 10 mLlmin. Absorbance was monitored with a 
Dynamax UV-1 absorbance detector. Polymer thin films were spun cast from a 1 mg/mL 
polymer solution (chloroform or tetrahydrofuran) at 2000 rpm onto microscope cover glass (18 x 
18 mm). UVIvis spectra were recorded on an Agilent 8453 diode-array spectrophotometer and 
corrected for background signal with either a solvent-filled cuvette (for solution measurements) 
or a clean glass cover slip (for thin film measurements). Emission spectra were acquired on a 
SPEX Fluorolog-~3 fluorimeter (model FL-321, 450 W Xenon lamp) using either right angle 
detection (solution measurements) or front face detection (thin film measurements). Quantum 
yields of fluorescence were determined by comparison to appropriate standards and are corrected 
for solvent refractive index and absorption differences at the excitation wavelength. Excited 
state lifetimes were measured using the phase modulation technique and referenced to an 
aqueous LUDOX scattering suspension. Experiments involving equilibrium vapor pressure 
hydrazine were performed by using a 20 mL size vial that included a piece of cotton and 
approximately 3 drops of hydrazine hydrate. For spectral responses, this vial was held up to the 
surface of the film for several seconds. A similarly simple procedure was followed for iodine 
doping. 
Time-Dependent Solid-State Measurements: The temporal responses of the emission signals 
of P3, P6 and PI1 to hydrazine vapor were measured using a Fido sensing platform 
manufactured by Nomadics, Inc. (ww w .nomadics.com). The inside of a glass capillary was 
coated with the conjugated polymer film (spun-cast from a 1 mgImL solution (THF or CHCl, at 
700 rpm for 1 minute). This capillary was inserted into the sensor, which is equipped with a 
laser diode (405 nm) and a photodetector. In addition, a pump, operating at 30-60 cclmin, draws 
in air from a nozzle through the capillary, exposing the film to an analyte vapor of the user's 
choice. The total emission is continuously monitored. Equilibrium concentrations of vapors 
were introduced by manually holding a vial (20 mL size) that contains a small amount of the 
analyte and a piece of cotton up to the nozzle of the Fido device. Trace concentrations of 
hydrazine or ammonia were introduced to the Fido by flowing a known rate of dry nitrogen gas 
(using a flow meter) through a chamber with controllable temperature. This chamber contained 
a disposable hydrazine permeation tube (Kin-Tek Laboratories) with a known rate of diffusion. 
By adjusting the rate of gas flow over the permeation tube, the trace concentration of hydrazine 
in the gas flow could be accurately changed. Films used for trace hydrazine detection were first 
irradiated with the Fido light source until they achieved a stable baseline, which typically 
resulted in an overall weakening of the fluorescence signal. Iodine doping in Fido experiments 
was achieved by presenting a vial of iodine crystals to the instrument. 
Materials. All solvents used for photophysical experiments were of spectral grade. Column 
chromatography was performed using Baker 40 pm silica gel. Tetrahydrofuran and toluene used 
for synthetic purposes was obtained from J.T. Baker and purified by passing through a glass 
contour dry solvent system. 2,Sdibromoaniline was obtained from Alfa Aesar, and 
(trimethylsily1)acetylene was obtained from GFS Chemicals and used as received. Pd(PPh3), 
was obtained from Strem Chemicals, Inc. All other chemicals were purchased from Aldrich and 
used without further purification. The synthesis of PI1 has been described previ~usly.~ 
N-octyl-2,7-diiodocarbazole (1). To a dry 50 mL round bottom flask, equipped with a magnetic 
stirring bar, was added 300 mg (0.69 mmol) of N-octyl-2,7-dibromocarbazole27 and 5 mL dry 
THF. The solution was then cooled to -78OC in a dry icelacetone bath. To this chilled solution 
was added 4.1 mmol of a 1.7 M solution of tert-butyllithium in pentane dropwise over 5 minutes. 
Upon the completion of addition, the mixture was stirred at -78°C for 1 hour. Iodine (1.75 g, 
6.85 mmol), dissolved in 5 mL dry THF, was then added to the dilithium salt dropwise over 5 
minutes. This mixture was then stirred at ambient temperature for 30 minutes, at which time 20 
mL saturated aqueous Na2S203 was added. The organics were extracted with diethyl ether (3 x 
25 mL). The combined organics were washed with brine (2 x 25 mL), dried over anhydrous 
MgSO, and filtered. Removal of the solvent on a rotary evaporator gave a yellow power. The 
crude product was then purified by flash chromatography (hexanes) to give 240 mg of a white 
powder. Recrystallization from MeOHITHF gave 162 mg (45% yield) of white powder in two 
crops. 'HNMR (300 MHz, CDCI,): 6 7.78 (d, J = 8.1 Hz, 2H), 7.73 (d, J = 1.5 Hz, 2H), 7.53 (dd, 
J = 1.5 Hz, 8.1 Hz, 2H), 4.17 (t, J = 7.2 Hz, 2H), 1.83 (m, 2H), 1.32 (m, lOH), 0.89 (t, J = 7.2 
Hz). 13C NMR (75 MHz, CDCI,): 6 141.4, 128.3, 122.0, 121.9, 118.1, 91.0, 43.4, 32.1, 29.6, 
29.5,27.5,27.3,22.9, 14.4. mp = 100-102 "C. 
N,N-dioctyl-2,s-dibromoaniline (2). A 500 mL round bottom flask, equipped with a reflux 
condenser and a magnetic stirring bar, was charged with 5.0 g (20 mmol) of 2,5-dibromoaniline, 
1-bromooctane (12.0 g, 60 mmol), and 0.5 mL of 15-crown-5, followed by 200 mL dry THF. 
Oil-free NaH (1.44 g, 60 mmol) was added gradually over several minutes as a solid. The purple 
reaction mixture was refluxed for 20 hours. The reaction was then cooled to ambient 
temperature, quenched slowly with water, and extracted with CH2C12 (3 x 150 mL). The 
combined organics were dried over MgSO, and filtered. Removal of solvent on a rotary 
evaporator gave an orange oil. The crude product was purified by column chromatography 
(hexanes) to give 8.0 g (84% yield) of a clear, colorless oil. 'H NMR (300 MHz, CDCI,): 6 7.40 
(d, J = 8.4 Hz, lH), 7.17 (d, J = 2.4 Hz, lH), 7.01 (dd, J = 2.4 Hz, 8.4 Hz, lH), 3.01 (m, 4H), 
1.44 (m, 4H), 1.26 (m, 20H), 0.88 (t, J = 7.2 Hz, 6H). 13C NMR (75 MHz, CDCI,): 6 151.4, 
135.0, 127.3, 127.1, 121.3, 120.7,53.2,32.0,29.6,29.5,27.3,27.1,22.9, 14.3. HRMS calcd for 
C2,H,Br2N (M+H)', 474.1366; found, 474.1360. 
N,N-dioctyl-2,5-diiodoaniline (3). A 250 mL round bottom flask, equipped with a magnetic 
stirring bar, was charged with 50 mL dry THF. This solvent was cooled to -78°C in a dry 
icelacetone bath with stirring. Tert-butyllithium (44 mmol, as a 1.7M solution in pentane) was 
added over 5 minutes to the cold THF, followed by 3.5 g of N,N-dioctyl-2,5-dibromoaniline (7.4 
mmol) in 20 mL dry THF over an additional 5 minutes. This mixture was stirred at -78OC for 1 
hour, after which 18.7 g (74 mmol) of iodine in 25 mL dry THF was added dropwise over 10 
minutes. The reaction was then stirred for 30 minutes at ambient temperature. 300 mL saturated 
Na2S203 was then added, and the organics were extracted into diethyl ether (3 x 150 mL). The 
combined organic layers were washed with brine (2 x 150 mL), dried over MgSO, and filtered. 
Removal of solvent on a rotary evaporator gave a yellow oil. The crude product was purified by 
column chromatography (hexanes) to give 3.0 g (72%) of a clear, colorless oil. 'H NMR (300 
MHz, CDCI,): 6 7.54 (d, J = 8.4 Hz, IH), 7.32 (d, J = 1.8 Hz, lH), 7.10 (dd, J = 2.1 Hz, 8.4 Hz, 
lH), 2.96 (m, 4H), 1.43 (m, 4H), 1.26 (m, 20H), 0.88 (m, 6H). 13c NMR (75 MHz, CDCl,): 6 
154.6, 141.3, 134.5, 133.5, 100.9, 94.1, 54.1, 32.0, 29.6, 29.5, 27.4, 27.1, 22.9, 14.4. HRMS 
calcd for G,H,,12N (M+H)', 570.1088; found, 570.1075. 
N,N-dioctyl-2-iodo-5-(trimethylsily1)e t h y n y 1 a n i 1 i n e a n d N , N - d i o c t y 1 - 2,5 - 
bis[(trimethylsilyl)ethynyl]aniline. A 50 mL Schlenk tube equipped with a magnetic stir bar 
was charged with 1.0 g (1.8 mmol) of 3. 20 mL of a deoxygenated (argon was vigorously 
bubbled through the solvent for 20 minutes) mixture of toluene/diisopropylamine (4: 1) was then 
added. 60 mg (0.19 mmol) of C12Pd(PPh3), and 370 mg CuI (1.9 mmol) were added as solids. 
This mixture was stirred for 10 minutes, after which 380 mg (3.9 mmol) of 
(trimethylsily1)acetylene (TMSA) was added neat. The tube was then sealed with a threaded 
Teflon screw-cap and brought to 65°C for 20 hours. The reaction was cooled to ambient 
temperature and diluted with 25 mL of saturated aqueous NH4C1. The mixture was extracted 
with diethyl ether (3 x 30 mL). The combined organic layers were washed with saturated NH4C1 
(1 x 50 mL), saturated NaHCO, (1 x 50 mL), and brine (1 x 50 mL). Drying over anhydrous 
MgSO, filtering, and removal of solvent via rotary evaporator gave a brown oil. Purification by 
column chromatography (gradient elution, hexanes to 10% dichloromethanelhexanes) gave 158 
mg (16% yield) of the monoadduct as a colorless oil and 571 mg (64% yield) of the diadduct as a 
yellow oil. 
Monoadduct: 'H NMR (300 MHz, CDCI,): 6 7.78 (d, J = 8.1 Hz, lH), 7.13 (d, J = 1.8 Hz), 6.88 
(dd, J = 1.8 Hz, 8.1 Hz, lH), 2.93 (m, 4H), 1.42 (m, 4H), 1.25 (m, 20H), 0.88 (m, 6H), 0.26 (s, 
9H). 13c NMR (75 MHz, CDCl,): 6 153.0, 140.0, 129.0, 127.4, 123.7, 104.6, 102.6, 95.1, 54,3, 
32.1, 29.6, 29.5, 27.5, 27.1, 22.9, 14.4, 0.2. HRMS calcd for C2,HGINSi (M+H)+, 540.25 17; 
found, 540.2542. 
Diadduct: 'H NMR (300 MHz, CDCl,): 6 7.31 (d, J = 7.8 Hz, lH), 6.96 (d, J = 1.2 Hz, lH), 6.90 
(dd, J = 1.2 Hz, 7.8 Hz, IH), 3.25 (t, J = 7.2 Hz, 4H), 1.50 (m, 4H), 1.27 (m, 20H), 0.89 (t, 7.2 
Hz, 6H), 0.26 (s, 18H). 13c NMR (75 MHz, CDCl,): 6 153.5, 134.9, 123.7, 123.6, 123.0, 116.7, 
105.6, 104.8, 100.5, 95.2, 52.0, 32.1, 29.7, 29.6, 27.4, 27.3, 22.9, 14.3, 0.2. HRMS calcd for 
G2HssNSi2 (M+H)', 5 10.3946; found, 5 10.3941. 
N,N-dioctyl-2-iodo-5-ethynylaniline (4). A 10 mL round bottom flask, equipped with a 
magnetic stirring bar, was charged with 150 mg (0.28 mmol) of N,N-dioctyl-2-iodo-5- 
(trimethylsilyl)ethynylaniline, followed by 2 mL of dry THF. To this solution was added 
approximately 50 mg (0.8 mmol) KOH dissolved in 500 pL of methanol. The resulting solution 
was stirred at ambient temperature for 1 hour, after which the solvent was removed on a rotary 
evaporator. The crude product was purified by column chromatography (hexanes) to give 80 mg 
(62% yield) of the desired product as a clear, colorless oil. 'H NMR (300 MHz, CDCl,): 6 7.81 
(d, J = 8.1 Hz, lH), 7.17 (d, J = 2.1 Hz, lH), 6.91 (dd, J = 2.1 Hz, 8.1 Hz), 3.12 (s, lH), 2.95 (t, J 
= 7.5 Hz, 4H), 1.43 (m, 4H), 1.25 (m, 20H), 0.88 (t, J = 6.9 Hz, 6H). 13c NMR (75 MHz, 
CDCI,): 6 153.0, 140.1, 128.9, 127.6, 122.6, 102.8, 83.3,78.0, 54.1, 32.0, 29.6, 29.5, 27.4, 27.1, 
22.9, 14.3. HRMS calcd for C,H,,IN (M+H)', 468.2122; found, 468.2105. 
N,N-diocty1=2,5=diethynylaniline (5). This reaction was carried out as described for the 
preparation of 3. 200 mg (0.39 mmol) of N,N-dioctyl-2,5-bis(trimethylsilyl)ethynylaniline and 
130 mg KOH (2.4 mmol) were used. Purification by column chromatography (10% 
dichloromethanelhexanes) gave 140 mg (98%) of a yellow oil as the desired product. 'H NMR 
(300MHz,CDC13): 67.37(d, J = 8 . 1  Hz, lH),7.02(d, J =  1.5 Hz, 1H),6.95 (dd, J =  1.5 Hz,7.8 
Hz, lH), 3.41 (s, lH), 3.23 (m, 4H), 3.12 (s, lH), 1.50 (m, 4H), 1.26 (m, 20H), 0.88 (t, J = 6.9 
Hz, 6H). 13c NMR (75 MHz, CDC1,): 6 153.5, 135.3, 123.8, 123.2, 122.8, 116.2, 84.0, 83.3, 
83.1, 78.1, 52.6, 32.0, 29.6, 29.5, 27.4, 27.3, 22.9, 14.3. HRMS calcd for C,,H,,N (M+H)', 
366.3 155; found, 366.3 146. 
N,N,N',N'-tetraoctyl-2,5=diiodophenylenedamine (7). A 50 mL round bottom flask was 
charged with 675 mg (1.48 mmol) of 2,5-diiodo-1,4-dibenzoyl chloride.lb To this was added 10 
mL of acetone, and the solution was stirred at 0°C. 290 mg of sodium azide (4.5 mmol) 
dissolved in 1 mL water was added dropwise over several minutes. A yellow precipitate was 
immediately observed. This mixture was stirred at O°C for an additional 20 minutes. The yellow 
precipitate was collected by vacuum filtration, washed twice with water, and dried in vacuo 
overnight. The dry acyl a ~ i d e ~ ~  (581 mg, 84% yield) was combined with 10 mL of benzene and 
refluxed for 4 hours. Upon cooling to 45OC, 10 mL of 50% aqueous KOH was added dropwise, 
at which time a white precipitate was observed. This mixture was stirred at 45OC for an 
additional 10 minutes, and then cooled to ambient temperature. To the reaction was then added 
concentrated aqueous HCl dropwise in order to decompose the dicarbamate. Gas evolution was 
evident upon addition of acid. When enough HCl was added to make the solution pH acidic, the 
reaction was neutralized with saturated aqueous NaHCO,. The resulting off-white precipitate 
was then collected by vacuum filtration, washed twice with water, and dried overnight in vacuo 
to give 353 mg (66% yield) of 2,5-diiodophenylenediamine (6). This was used without further 
purification. 'H NMR (300 MHz, DMSO-d,): 6 7.1 (s, 2H), 4.8 (br s, 4H). HRMS calcd. for 
C,H,12N2 (M+H)+, 360.8693 ; found, 360.8696. 
215 mg of this material (0.6 mmol) was then dissolved in 10 mL dry THF in a 50 mL 
round bottom flask equipped with a magnetic stir bar and reflux condenser. To this solution was 
added 8 10 mg (4.2 mmol) of 1-bromooctane and 50 pL of 15-crown-5. This was followed by 
slow addition of 100 mg (4.2 mmol) of oil-free sodium hydride as a solid. The mixture was then 
refluxed for 3 days. The reaction was then quenched with 10 mL of water, and extracted with 
diethyl ether (3 x 25 mL). The combined organic layers were dried over MgSO, and filtered. 
Removal of solvent on a rotary evaporator gave the crude product, which was purified by column 
chromatography (hexanes, column wrapped with A1 foil to protect from light) to give 209 mg 
(43% yield) of the desired product 5 as a colorless powder. 'H NMR (300 MHz, CDCI,): 6 7.46 
(s, 2H), 2.87 (t, J = 7.5 Hz, 8H), 1.41 (m, 8H), 1.26 (m, 40H), 0.88 (t, J = 6.9 Hz, 12H). 13c 
NMR (75 MHz, CDCI,): 6 150.3, 134.4, 101.7, 54.7, 32.1, 29.6, 29.5, 27.5, 27.3, 22.9, 14.4. 
HRMS calcd. for G8H7012N2 (M+H)+, 809.3701; found, 809.3960. mp = 53-54 OC. 
N,N,N',N'-Tetraoctyl-2,5-bis(trimethylsilyl)ethynylphenylenediamine. A 25 mL Schlenk 
tube was charged with 125 mg (0.15 mmol) of 5, 11 mg (0.015 mmol) of Cl,Pd(PPh,),, and 65 
mg (0.34 mmol) of CuI. To this was added 2 mL of a 4 : l  mixture (vlv) of 
toluene/diisopropylamine. This mixture was stirred at ambient temperature for 10 minutes, 
followed by addition of 45 mg (0.46 mmol) of (trimethylsily1)acetylene. The vessel was sealed 
with a threaded Teflon screw cap and heated to 50°C, at which time an additional 10 mg of 
Pd(I1) catalyst and 10 mg of triphenylphosphine were added. The vessel was then resealed and 
stirred at 70°C for 2 days. Upon cooling the reaction to ambient temperature, 15 mL of water 
were added and the organics were extracted with diethyl ether (3 x 15 mL). The combined 
organics were dried over MgS0,and filtered. Removal of solvent on a rotary evaporator gave a 
brown sticky solid, Purification by column chromatography (gradient elution, hexanes to 20% 
dichloromethane/hexanes, column wrapped in A1 foil to protect from light) gave 63 mg of the 
desired product as a yellow solid with bright green fluorescence. 'H NMR (500 MHz, Acetone- 
d,): 67.00 (s, 2H), 3.16 (t, J = 7.5 Hz, 8H), 1.49 (m, 8H), 1.28 (m, 40H), 0.88 (t, J = 7.5 Hz), 
0.24 (s, 18H). 13c NMR (75 MHz, Acetone-d6): 6 148.5, 127.2, 120.0, 105.6, 99.9, 53.3, 32.6, 
30.7, 30.2, 28.1, 27.8, 23.4, 14.5, 0.2. HRMS calcd. for C,H,N,Si, (M+H)', 749.6559; found, 
749.6548. 
N,N,N',N'- tetraoctyl-2'5-diethynylphenylenediamine (8). 60 mg (0.08 mmol) of N,N,N' ,N' - 
tetraoctyl-2,5-bis(trimethylsilyl)ethynylphenylenediamine and 25 mg (0.44 mmol) of KOH were 
reacted together in the same fashion as described for the preparation of compound 3. The crude 
product was purified by column chromatography (20% dichloromethane/hexanes, column 
wrapped in A1 foil to protect from light) to give 42 mg (87% yield) of the desired product as a 
low melting yellow solid. 'H NMR (300 MHz, Acetone-d6): 6 7.06 (s, 2H), 3.88 (s, 2H), 3.15 (t, 
J = 7.2 Hz, 8H), 1.5 1 (m, 8H), 1.27 (m, 40H), 0.87 (m, 12H). 13c NMR (75 MHz, Acetone-d,): 6 
148.3, 127.5, 119.3, 84.4, 83.6, 53.6, 32.6, 30.2, 30.1, 28.1, 27.8, 23.4, 14.4. HRMS calcd. for 
C4,H,N2 (M+H)+, 605.5768; found, 605.5763. 
Polymerization Procedures. Poly(pheny1ene-ethynylene)~ were prepared via standard 
Sonogashira cross-coupling techniques. A typical procedure involved the combination of 
equimolar amounts (approximately 40-50 pmol) of both the diiodide and dialkyne in a Schlenk 
tube equipped with a small magnetic stir bar.,' The tube was then brought into a glovebox, at 
which time small amounts (< 5 mg) of both Pd(PPh3), and CuI were added to the Schlenk tube. 
The tube was sealed and brought out of the glovebox. 1-2 mL of deoxygenated 2:l (vlv) 
tolueneldiisopropylamine30 was then added under a strong flow of argon gas. The tube was then 
resealed and stirred at either 90°C for 1 to 2 days (PI-P4, P6) or at 65OC for 6 hours (P5, P7). 
Upon cooling to ambient temperature, the polymer was precipitated into 15-20 mL methanol, 
and collected by a centrifugationldecanting process. The precipitated polymer was then washed 
with methanol several times to remove small oligomers. Typical yields were 70-90%. 
P1 and P2 gave very weak NMR signals, primarily due to low solubility. 
P3: Mn = 1 1,000; Mw = 29,000. 'H NMR (300 MHz, CDCI,): 6 7.7-7.5 (aromatic C-H), 
7.2-6.9 (aromatic C-H), 6.1-6.0 (iptycene bridgehead C-H), 3.8 (N-C-H), 2.0-1.8 (aliphatic C-H), 
1.7- 1.0 (aliphatic C-H), 0.9-0.8 (aliphatic C-H). 
P4: Mn = 15,800; Mw = 48,800. 'H NMR (300 MHz, CDCl,): 6 7.5-7.4 (aromatic C-H), 
7.1-6.9 (aromatic C-H), 3.4-3.2 (N-C-H), 1.7- 1.4 (aliphatic C-H), 1.4- 1.0 (aliphatic C-H), 1 .O-0.8 
(aliphatic C-H). 
P5: Mn = 32,000; Mw = 108,000. 'H NMR (300 MHz, CDCl,): 6 7.4 (aromatic C-H), 
7.3-7.2 (aromatic C-H), 7.1-6.9 (aromatic C-H), 4.1-3.9 (0-C-H), 3.4-3.2 (N-C-H), 1.9- 1.7 
(aliphatic C-H), 1.7- 1.4 (aliphatic C-H), 1.4- 1.1 (aliphatic C-H), 1.0 - 0.8 (aliphatic C-H). 
P6: Mn = 20,000; Mw = 51,000. 'H NMR (300 MHz, CDC1,): 6 7.7-7.3 (aromatic C-H), 
7.1-6.8 (aromatic C-H), 6.2-5.9 (iptycene bridgehead C-H), 3.8-3.5 (N-C-H), 2.0-1.7 (aliphatic 
C-H), 1.6- 1.0 (aliphatic C-H), 1 .O-0.7 (aliphatic C-H). 
P7: Mn = 3 1,000; Mw = 150,000. 'H NMR (300 MHz, CDCl,): 6 7.1 (aromatic C-H), 
7.0 (aromatic C-H), 4.1-3.9 (0-C-H), 3.3-3.1 (N-C-H), 2.0-1.8 (aliphatic C-H), 1.6-1.0 (aliphatic 
C-H), 1 .O-0.7 (aliphatic C-H). 
Poly(pheny1ene)s were prepared by standard Suzuki cross-coupling polymerization 
reactions. Equimolar amounts of the two monomers (50 pmol) were weighed into a Schlenk 
tube equipped with a small magnetic stir bar. To the reaction tube was added a small amount (< 
5 mg) of Pd (PPh,), in a glovebox. The tube was then resealed and removed from the glovebox, 
at which time 1 mL of deoxygenated toluene, 1 mL of deoxygenated 2M aqueous potassium 
carbonate, and 2-3 drops of ~ l iqua t "  336 phase transfer catalyst were added under a heavy argon 
flow. The sealed tube was then stirred vigorously at 90°C for 2-3 days. Upon cooling to room 
temperature, the aqueous layer was removed by pipet, and the remaining toluene layer was 
washed with several mLs of water. The polymer was then precipitated from the toluene solution 
into 15-20 mL methanol, and collected by centrifugationldecanting. The polymer was then 
dissolved in 1-2 mL of diethyl ether and passed through a syringe filter to remove insoluble 
catalyst residues, and then reprecipitated into 15-20 mL methanol. Isolation by centrifuging and 
decanting gave the desired polymer in 50-60% yield. 
P8: Mn = 14,000; Mw = 24,000. 'H NMR (300 MHz, CDCI,): 6 7.9-7.6 (aromatic C-H), 
7.6-7.5 (aromatic C-H), 7.1 (aromatic C-H), 4.1-3.9 (0-C-H), 2.2- 1.9 (fluorene-C-H), 1.8- 1.6 
(aliphatic C-H), 1.5- 1.0 (aliphatic C-H), 1 .O-0.7 (aliphatic C-H). 
P9: Mn = 6,600; Mw = 13,700. 'H NMR (300 MHz, CDCI,): 6 7.9-7.3 (aromatic C-H), 
6.9-6.8 (aromatic C-H), 3 .O-2.8 (N-C-H), 2.0- 1.8 (fluorene-C-H), 1.7- 1.0 (aliphatic C-H), 1 .O-0.7 
(aliphatic C-H). 
P10: Mn = 4,000; Mw = 6,000. 'H NMR (300 MHz, Benzene-d,): 6 8.0-7.4 (aromatic C- 
H), 7.1-6.8 (aromatic C-H), 3.2-2.9 (N-C-H), 2.4-2.0 (fluorene-C-H), 1.7-1.5 (aliphatic C-H), 
1.5- 1.0 (aliphatic C-H), 1 .O-0.7 (aliphatic C-H). 
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Chapter 3 
Amplifying Fluorescent Polymer Sensors for the Explosives 
Taggant 2,3=Dimethyl=2,3=dinitrobutane (DMNB) 
Adapted from: 
Thomas, S. W., 111; Amara, J. P.; Bjork, R. E.; Swager, T. M. Chem. Commun. 2005,4572. 
3.1. Introduction To Explosives 
The ability to detect trace quantities of explosive molecules is of the utmost 
importance to both homeland security and soldiers fighting abroad. The use of explosive 
devices to destroy commercial airplanes has long been recognized as a potential security 
threat. The "shoe bomber" Richard Reid was attempting to detonate the high explosive 
PETN when he was subdued by airline passengers and crew members.' With recent terrorist 
bombings on the mass transit systems in Madrid and London, as well as the attack on the 
Murrah Federal Building in Oklahoma City, the increased threat towards civilian targets 
worldwide with explosive devices has become all too clear. In addition, soldiers stationed 
around the world face threats from various types of hidden explosive devices. Improvised 
Explosive Devices (IEDs) are a major cause of casualties of American soldiers abroad, and 
land mines deployed during previous civil wars and international conflicts around the world 
remain a threat to soldiers and civilians alike. 
There are several different classes of explosive molecules that are used to make the 
many different formulations and compositions used in both military and commercial 
applications. Although there are different ways to classify the commonly used explosive 
molecules, the most useful classification when considering the problem of explosives 
detection is vapor pressure. All other factors being equal, molecules with lower vapor 
pressures are more difficult to detect simply because there is a smaller concentration 
available for sampling. The most commonly used explosive molecules are illustrated in 
Figure 3.1, and are separated by vapor pre~sure .~ 
Explosives in the high vapor pressure category (greater than or equal to 1 part-per- 
million equilibrium vapor pressure) are triacetonetriperoxide (TATP), nitroglycerin (NG), 
1 
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Figure 3.1. Common explosive molecules separated into three vapor pressure categories: high (top row), 
medium (middle row) and low (bottom row). 
and ethylene glycol dinitrate (EGDN). NG is an explosive component of most dynamites, 
and when used in conjunction with EGDN is useful for low-temperature d ~ n a m i t e . ~  TATP, 
which has no commercial or military application, is an especially frightening molecule. It is 
extremely unstable, easy to initiate, contains no nitro groups (which many detection 
technologies depend on), and is readily prepared with easily obtained materials.334 Also 
included in this class is 2,4-dinitrotoluene, the synthetic byproduct that accompanies 2,4,6- 
trinitrotoluene (TNT). 
The mid-range vapor pressure explosives (1-100 part-per-billion equilibrium vapor 
pressure) include TNT and ammonium nitrate (AN). TNT, a military explosive that has been 
heavily used for about 100 years (especially during WWI and WWII), is the principal 
explosive component of land mines.' It is also included in some compositions of plastic- 
bound explosives (PBXs). AN, which is also used as a fertilizer, has been widely used to 
fabricate bombs. For commercial applications, such as mining demolition, it is typically 
combined with diesel fuel or kerosene to give ammonium nitratelfuel oil (ANF0).3 This was 
the explosive composition that Timothy McVeigh used in the 1995 attack on the Oklahoma 
City Federal Building. 
Explosives with vapor pressures below 100 parts-per-trillion (ppt) include the military 
explosives RDX (hexogen), HMX (octogen), and pentaerythritol tetranitrate (PETN). These 
are the most serious threats to civilian targets because they are easily molded for 
concealment, difficult to detect because of their low vapor pressures, and can give 
devastating explosive force with small quantities. Because of their moldable nature, they are 
the primary (or only) explosive components in plastic explosive compositions such as 
composition B (60% RDX and 40% TNT) or C-4 (91% RDX plus waxes and oils).3 In 
addition, it has been estimated that the typical methods of encasing an explosive device, such 
as sealing it in plastic, reduces the vapor concentration of the explosive molecules outside 
the container by a factor of about 1000.3 Because of their extremely dangerous nature and 
ease of concealment, the trace detection of these molecules (especially RDX) is of the utmost 
importance in research efforts worldwide. 
To help combat the substantial difficulties that the detection of low vapor-pressure, 
military-grade explosive molecules presents, the inclusion of taggants in the formulations of 
plastic explosives is now mandatory in many countries, including the United States. Four 
choices of taggants to include into explosives formulations were put forth in the International 
Civil Aviation Organization (ICAO) "Convention on the Marking of Plastic Explosives for 
the Purpose of Detection", which entered into force in 1998 and to date has been ratified or 
accepted by 125 nations. These are EGDN (Fig. 3.1), 2,3-dimethyldinitrobutane (DMNB), 
ortho-mononitrotoluene (0-MNT) and para-mononitrotoluene (p-MNT). The molecular 
structures of the final three taggants are illustrated in Figure 3.2. 
NO2 
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Figure 3.2. Three of the four ICAO plastic explosive taggants (EGDN is illustrated in Fig. 3.1). 
Several different factors were important when choosing appropriate molecules to 
designate as potential taggants. This included a moderate vapor pressure, such that a 
significant amount was available for sampling but not so much that the taggant completely 
evaporated from the explosive too quickly. Also, the lack of any negative effect on both the 
efficacy and the safety of the manufacturing process are essential. Also, of obvious 
importance, is the ability, using available technologies, to rapidly detect taggants with low 
false-alarm rates. Finally, the taggant(s) should have no environmental or health impact. 
More recently, DMNB has emerged as the taggant of choice, especially in the United 
States. This is because of the four taggants it has lowest vapor pressure, and therefore does 
not have a detectable odor and has a suitably long lifetime when incorporated into plastic 
explosives. In addition, even up to the 1% (wlw) doping level used in the Unites States, it 
has no discernible effect on the explosive properties of C-4. Unfortunately, the method of 
choice for detecting DMNB is gas chromatography coupled with either an electron-capture or 
chemiluminescence detector. The method that is currently used for explosive detection in 
airports and other security checkpoints worldwide, however, is ion-mobility spectrometry 
under negative polarity, which does not perform well in DMNB detection tests. 
3.3. Amplifying Fluorescent Polymer Sensors For DMNB 
Sensory devices based on amplified fluorescence quenching of solid-state conjugated 
polymer (CP) films can be highly sensitive, due to the amplification that arises from 
delocalized excitons sampling many potential binding sites within one excited state lifetime.7 
Our research group and others have demonstrated highly sensitive detection schemes using 
these amplifying fluorescent polymers (AFPs) for a number of analytes in solution and vapor 
phase? The best-developed vapor phase applications of this method have been the ultratrace 
detection of nitroaromatics often associated with high explosives, such as 2,4,6- 
trinitrotoluene (TNT).' The sensitivity of the resulting sensors is comparable to that of 
trained canines. As described in Chapter 1, the transduction mechanism is photoinduced 
charge transfer (PICT) from the polymer donor to the nitroaromatic that binds via a tight n- 
complex to the AFP. 
Although nitroaromatics are present in many explosives, present day security is in need 
of systems capable of matching comprehensive vapor phase detection of all high explosives such 
as can be achieved by canines. This especially includes plastic explosives, the explosive 
components of which (RDX, HMX, PETN) have very low equilibrium vapor pressures. 
DMNB and RDX both present significant challenges for vapor phase detection with 
solid-state AFPs, especially in comparison to TNT. Because the fluorescence quenching 
transduction for explosives detection with AFPs is photoinduced charge transfer (PICT) from the 
polymer to the analyte, the reduction potential of the acceptor analyte (Ed) is a critical 
component of the driving force of PICT, as described in equation 1.'' 
AG(et)* = E,(D) - Er(A) - E,(O,O) - A 
The reduction potential of TNT is 4 . 7  V (vs. saturated calomel electrode, SCE), making 
it a readily reduced molecule. This is due to the three nitro groups that are in conjugation 
through the central aromatic ring. In comparison, the 
aliphatic DMNB has a reduction potential of -1.7 V vs. 
SCE. Only molecules that have reduction potentials 
more positive than -1.5 V (vs. SCE) can quench the 
dialoxyphenyllpentiptycene-based AFP (P 1, pictured in 
Figure 3.3) that is currently used for TNT detection.3b Figure 3.3. Pentiptycene PPE used 
for TNTIDNT sensing. 
This energetic constraint, which places the energy of 
lowest unoccupied molecular orbital (LUMO) of DMNB above that of the conduction band of 
P I ,  is conceptually illustrated with a frontier molecular orbital diagram in Figure 3.4. The 
reduction potential of RDX is similarly unfavorable. 
Conduction 
Band @- 
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Figure 3.4. P1 band diagram showing the qualitative energies of the TNT and DMNB LUMOs 
In addition to the relatively unfavorable reduction potentials presented by DMNB and 
RDX, these molecules also cannot participate in tight n-stacking the way nitroaromatics can. 
They are highly three-dimensional aliphatic molecules. In comparison, TNT and DNT are strong 
n-acids and bind strongly to moderately electron-rich AFPs such as PI. Therefore, target vapors 
for plastic explosives detection are expected to have smaller binding constants with solid-state 
AFPs relative to nitroaromatics. 
One of the important goals of the Swager Group is to enhance the versatility of AFP 
technology, especially towards the detection of plastic explosives. Toward this end, this 
remainder of this chapter summarizes the design of AFPs for the detection of DMNB. In 
addition to achieving the vapor detection of this high vapor-pressure taggant, (2.7 ppm, or 
2.07~10'~ t r r ) ~ ,  it is also anticipated that materials used for DMNB detection may be an effective 
starting point for the detection of RDX vapor, since they present several similar challenges, with 
RDX having a much smaller vapor pressure (1.4x10-' t ~ r r ) . ~  
In search of optimally sensitive and operationally useful AFPs for the detection of 
DMNB, we set out to design electronic structures that would have greater photoreduction 
abilities so that the PICT reaction from the polymer to DMNB would be an exergonic process 
and fluorescence quenching could occur. According to Equation 1, there are two approaches that 
can be taken to achieving this goal; either the polymer oxidation potential, E,,(D) could be 
lowered or the excitation energy, E,(O,O), could be raised. We screened materials, the structures 
of which are illustrated in Figure 3.5, designed to have these characteristics. 
The amino-based PPEs (P2 and P3) were designed to have a lower ground-state 
oxidation potential due to the strong electron-donating characteristics of the substituents. The 
synthesis and photophysical properties of these materials were detailed in Chapter 2. Conversely, 
C8H1 7 O  7)ZN- 
P6 P7 P8 
Figure 3.5. Polymers screened for fluorescence quenching by DMNB. 
the biphenyl-substituted PPE P 4  was designed to have a larger excitation energy, since 
unfavorable steric interactions between hydrogen atoms on the biphenyl rings cause twisting 
away from planarity and a concomitant decrease in polymer conjugation length. The synthetic 
route to this new material, which simply involved the incorporation of solubilizing alkoxy chains 
onto the 4,4'-diiodobiphenyl unit, is shown in Scheme 3. 1.12 Finally, the poly(f1uorene)s (P5-P8) 
were also used, since they have higher excitation energies relative to similarly substituted PPEs. 
P5 is a literature polymer, while P6 through P8 were prepared as described in Chapter 2. 
To evaluate the reactivity of these polymers in a PICT reaction with DMNB, solution- 
phase Stern-Volmer experiments were conducted.13 These experiments involve monitoring the 
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Scheme 3.1. Synthesis of biphenyl-based PPE P4. 
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fluorescence intensity of the polymer as a function of quencher concentration. Using the 
following definitions of fluorescence quantum yield and fluorescence lifetime: 
@f = w(kr + km) (2) zf = l/(kr + km) (3) 
the Stem Volmer equation (equation 5) can be derived to give: 
@PI @f = 1 + Vo[QI = 1 + kv[Q1 
in which the quantity k, (known as the Stern-Volmer Constant) is defined as the intrinsic 
lifetime of the fluorophore times the quenching rate constant. ksv is readily determined by fitting 
the ratio of emission intensities versus quencher concentration to a straight line. 
Table 1 lists the Stern-Volmer constants [k(sv)] and quenching rate constants [k(q)] from 
Stern-Volmer experiments with the AFPs illustrated in Figure 3.5 with DMNB as the quencher. 
The variation in the quenching efficiency of the poly(pheny1ene ethynylene) AFPs (PPEs, PI-4) 
reveals that the factors controlling the quenching rate constants are multifaceted. Although the 
n-donation of the amines reduces the ground state oxidation potential for P3, it also lowers the 
band gap and thereby reduces the magnitude of P3's excited-state reduction potential. This is 
consistent with a previously reported frontier molecular orbital picture, in which the substitution 
of strong electron donors raises the energy of the valence band of the material but has a much 
smaller effect on the conduction band.14 The higher quenching efficiency of P2, with only one 
amine per repeat unit, is likely due to a balance between these two effects. Although P4 did 
show a higher excitation energy with a emission maximum of 429 nm in THF (- 20 nm blue 
shift from PI),  it still showed no observable fluorescence quenching in the presence of DMNB, 
presumably because interrupted conjugation of the PPE backbone raises the ground-state 
oxidation potential. In summary, all of the PPEs investigated showed very poor quenching rate 
constants, with even the best quenching rate constant an order of magnitude less than the 
diffusion controlled limit. 
Table 3.1. DMNB Stern-Volmer Data 
Poly Uem) T k(sv) k(q)' 
P 1  460 nm 0.6 ns - 0 < 1 
P2 475nm 1.811s 3.4 1.9 
P 3  580nm 3.9ns < 2  < 1 
P4 430nm b - 0 < 1 
P5 416 nm 0.5 ns 9.2 18 
P6 413nm 0.6ns 9.0 15 
P7 452 nm 1.9 ns 13 6.9 
P8 512 nm 4.2 ns 22 5.2 
a Values have the units of lo9 s". b Not Determined 
Conversely, all the poly(f1uorene)s investigated gave quenching rate constants 
significantly higher than P2, the PPE most efficiently quenched by DMNB. In fact the most 
blue-shifted poly(f1uorene)s are quenched by DMNB with diffusion controlled pseudo-first order 
rate constants. The reason for this difference in reactivities between polymer classes with 
DMNB can be understood by a simple analysis of the optical and electrochemical parameters of 
the dialkoxy poly(fluorene) P6. A simple derivative of P6  has been previously investigated for 
use in polymer light-emitting devices (PLEDS).'~ Its oxidation potential (valence band energy 
Figure 3.6. Band diagram of P1 and P6 showing the higher energy conduction band of P6 and the 
resulting efficient photoinduced electron transfer to DMNB. 
level) was found to be the same as the PPE P 1  (-1.2 V vs. SCE). With an emission blue shift of 
44 nm relative to P I ,  however, the excited state oxidation potential of P 6  is 0.3 V smaller, 
allowing for exergonic PICT to DMNB. Figure 3.6 summarizes these findings in a band 
diagram, while Figure 3.7 shows representative DMNB Stem-Volmer plots and emission spectra 
for P6 and PS. 
Satisfying the energetic constraints of electron transfer quenching is a necessary, but not 
a sufficient condition for the trace detection of vapor phase analytes with solid-state AFPs. The 
degree of fluorescence quenching in the solid state is also dependent upon other factors, such as 
the vapor pressure of the analyte, its binding constant to the fluorescent polymer film, and the 
mobility of excitons in the solid AFP. These usually have little correlation with the quenching 
efficiency in solution, thereby limiting the amount of applicable information solution quenching 
experiments can supply for solid-state chemosensing systems. 
Therefore, thin films of selected AFPs were simultaneously irradiated and exposed to 
equilibrium vapor pressures of DMNB. These experiments were carried out on a commercial 
~ i d o ' ~  instrument manufactured by Nomadics 1nc. ,16 which continuously monitors the total 
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Figure 3.7. Emission spectra (lef) and Stern-Volmer plots (right) for DMNB quenching of P6 and P8. 
fluorescence during vapor sampling. Experimentation showed the PPEs' solid-state fluorescence 
quenching to be very weak, with only P2 giving a 45% fluorescence attenuation in the presence 
of DMNB vapor. Hence, we focused on the more promising PPs. In order to probe the effect of 
analyte molecular structure, benzophenone was also investigated as a vapor phase quencher. 
Benzophenone has a reduction potential (-1.6 V vs. S C E ) ~ ~  similar to that of DMNB as well as a 
similar equilibrium vapor pressure (1.93~10-~ torr at 25 O c ) . 1 7  In contrast to DMNB, the flat 
structure of benzophenone could allow for strong n-stacking with the polymer film. 
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Figure 3.8. Emission intensity response of a film of P6 to repeated exposures to equilibrium DMNB 
vapor. 
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Figure 3.9. -20 second exposure of a thin film of P6 to equilibrium vapor of either DMNB (solid line) 
or benzophenone (dotted line). 
Figures 3.8 and 3.9 present representative fluorescence traces obtained upon exposure of 
a thin film of P6 to either benzophenone or DMNB. Table 3.2 summarizes the results of the 
solid-state quenching experiments. The percentage of quenching due to equilibrium 
benzophenone vapor correlates well with the electron density on the polymer chain, with the 
diamine-containing P8 showing an average response of 60% quenching under constant flow. 
These results are consistent with strong polymer-analyte n-stacking, since polymers with more 
electron-rich n systems will have a higher affinity for the more planar benzophenone. The larger 
binding affinity of benzophenone is also revealed in its temporal response in the sensor. The 
sensor response in Figure 3.8 reveals that at short exposures DMNB is highly reversible 
indicating a weak binding (rapid off-rate). Twenty-second exposures to either benzophenone or 
DMNB (Figure 3.9) are illustrative of the slower recovery times associated with benzophenone 
that indicate stronger binding constants with the AFPs. The larger binding affinity of 
benzophenone for the very electron-rich P8 versus P7 or other, less-electron rich polymers is 
large enough to outweigh any other factors that might make P8 less efficient, such as a smaller 
driving force for electron transfer or decreased exciton mobility. 
Table 3.2. Solid-State Quenching Percentages 
Polymer Benzo~henone DMNB 
P5 5*1% 6 + 1 %  
P6 29 2 3% 20*5% 
P7 38 + 3% 12 * 3% 
P8 58 + 7% 4 + 1 %  
The data in Table 3.2 shows that no such simple structure-property relationship exists for 
quenching by DMNB. The moderately electron-rich polymer P6 is the superior material, giving 
a highly reversible and rapid quenching response of about 20%. More electron-rich and more 
electron-poor polymers give smaller responses. This is indicative of several competing factors 
contributing to the observed results. Electrostatic attraction is certainly a factor in the solid-state 
detection of DMNB, since on an absolute scale it is an electron-deficient compound. However, 
with no prospects for strong n-stacking, DMNB's binding differences appear to have little to do 
with the electron density in the %system. 
Other parameters that can affect a particular material's quenching efficiency in response 
to an analyte vapor include the rate of PICT, which was demonstrated in the solution 
experiments to be smaller for the amine-substituted PPs. In addition, the mobility of the excitons 
in films of P7  and PS may be substantially smaller than for P6. The large Stokes shift and 
excited state lifetimes of these materials are indicative of a substantial structural rearrangement 
in the excited state. The inability of certain polymer chains to adopt the preferred conformation 
in the solid-state and the activated nature of conformational changes will effectively impose a 
"viscous drag" and produce excitons with higher effective masses.18 
It is clear that the efficient detection of very weakly binding analytes relies on the balance 
of multiple parameters that will likely be somewhat different for each target analyte. Polymer P6 
offers a good balance of PICT driving force, electrostatic attraction, and exciton mobility to give 
a reversible and rapid response to DMNB vapor. In addition, P6, which has previously been 
investigated for potential use as blue emitter in PLEDS,'~ is highly emissive in the solid state and 
shows good photochemical stability, especially compared to the amine-containing PPs P7 and 
PS. 
DMNB is also known to undergo a reductive cleavage reactions with cathodic 
electrolysis, one of the products of which is the nitrite ion." We have performed colorimetric 
tests to confirm the photochemical generation of nitrite in the quenching reactions with our 
polymers. The generation of this product is unique to DMNB relative to other quenchers such as 
TNT. It may be possible to incorporate confirmatory chemistry into a sensory device to 
discriminate DMNB from other potential quenchers. 
3.4. Conclusions and Future Outlook 
We have developed sensory materials that are effective for the trace detection of the 
plastic explosives taggant DMNB. Previously used materials for explosives detection, 
principally from the PPE class of AFPs, were not effective in sensing DMNB vapor or in 
solution. Substitution of strongly electron-donating groups had little effect. This is consistent 
with previous work on the substituent effects on conjugated polymer band structure, in which 
alkoxy groups had a large effect on the energy of the valence band, but a much smaller effect on 
the conduction band energy, resulting in more readily oxidized ground states, not excited states.14 
Poly(fluorene)s were found to be more potent photo-reductants than any PPEs. Therefore, 
DMNB quenched the poly(fluorene)s in solution at rates approaching or at diffusion control. 
Thin films of these poly(fluorene)s were effective in sensing DMNB vapor. They 
showed rapid onloff kinetics, especially in comparison with the aromatic analyte benzophenone. 
The slow kinetics and strong correlation between polymer electron density and quenching 
percentages suggest that n-stacking interactions are prominent with benzophenone, but not so 
with DMNB. The best material for DMNB detection was the moderately electron-rich polymer 
P6. 
The improved detection of explosive taggants is an important goal, but its practical 
application is limited only to detection of those explosives that were legally manufactured in a 
country which abides by the ICAO agreement. Terrorist groups and other rogue enterprises that 
manufacture their own explosives will not be adding taggants to aid detection. Nevertheless, 
current technologies, specifically ion-mobility spectrometry, in use around the world are not 
effective at sensing DMNB,'~ while this advance in AFP technology could be readily integrated 
with the commercially available TNT sensing technology to give a more versatile instrument. 
The lessons learned from studying DMNB detection are useful not only for the 
development of a practical material for DMNB detection, which could potentially be used for not 
only explosives detection but also for regulation enforcement, but also for the detection of RDX. 
Because DMNB and RDX share many of the same challenges when it comes to detection with an 
AFP, these materials may serve as a starting point in the search for materials that can detect RDX 
or PETN. Also, when key functional groups or ring systems are identified that can bind and 
sequester RDX or PETN to the polymer film, then related polymers incorporating these groups 
could potentially be prepared and give improved sensitivity. 
3.5. Experimental Section 
General Methods and Instrumentation. All synthetic manipulations were performed under an 
argon atmosphere using standard Schlenk techniques unless otherwise noted. NMR ('H and 13c ) 
spectra were recorded on either a Varian 300 MHz or a Varian 500 MHz spectrometer. NMR 
chemical shifts are referenced to residual protonated solvent. High-resolution mass spectra 
(HRMS) were obtained at the MIT Department of Chemistry Instrumentation Facility using a 
peak-matching protocol to determine the mass and error range of the molecular ion. Polymer 
molecular weights were determined by gel-permeation chromatography (GPC) using an HP 
series 1100 GPC system running at 1.0 mLimin in THF equipped with a diode array detector 
(254 nm and 450 nm) and a refractive index detector. Molecular weights are reported relative to 
polystyrene standards. UVIvis spectra were recorded on an Agilent 8453 diode-array 
spectrophotometer and corrected for background signal with a solvent-filled cuvette. Emission 
spectra were acquired on a SPEX Fluorolog-t3 fluorimeter (model FL-321,450 W Xenon lamp) 
using either right angle detection. Excited state lifetimes were measured using the phase 
modulation technique and referencing to an aqueous LUDOX scattering suspension. 
Materials. All solvents used for photophysical experiments were of spectral grade. 2,3- 
Dimethyl-2,3-dinitrobutane (DMNB) and benzophenone (BP) were obtained from Aldrich and 
used without further purification. The preparation and characterization of all polymers, 
investigated in this study, except for P4, have been previously de~cribed.~"' 4,4'-Diiodo-3,3'- 
dimethoxybiphenyl was prepared as previously reported.12 
3,3'-Dihydroxy-4,4'-diiodobiphenyl(1): A 10 mL round-bottom flask was charged with 500. 
mg (1.07 mmol) 4,4'-diiodo-3,3'-dimethoxybiphenyl and purged with argon gas three times. 5 
mL dry dichloromethane was added, and the reaction was cooled to -78°C in a dry-icelacetone 
bath. 0.81 g (3.2 mmol) BBr, was added to the reaction mixture dropwise over five minutes. 
Upon completion of the addition, the reaction was allowed to slowly warm to room temperature 
overnight. Dropping the reaction mixture into 5 mL water gave the product of the reaction. The 
tan precipitate was filtered, washed with water, and dried to give 302 mg (65% yield) of 1. 'H 
NMR (300 MHz, Acetone-d,): 6 9.3 (broad s, 2H), 7.78 (d, 2H), 7.16 (d, 2H), 6.88 (dd, 2H). 13c 
NMR (75 MHz, Acetone-d,): 6 157.8, 142.7, 140.6, 120.8, 114.0, 83.8. HRMS calcd. for 
C,,H81202 (Mf), 437.8608; found, 437.8617. mp = 135-139 "C. 
4,4'-Diiodo-3,3'-dioctyloxybiphenyl (2): A 10 mL round-bottom flask equipped with a reflux 
condenser was charged with 200 mg 1 (0.46 mmol), 190 mg potassium carbonate (1.4 mmol) and 
82 mg (0.49 mmol) potassium iodide. The flask was purged with argon gas three times, and - 2 
mL 2-butanone and 350 mg (1.8 mmol) 1-bromooctane were added. The reaction was stirred at 
reflux for 1 day, after which the reaction was cooled and the product extracted into ether (3 x 15 
mL) from water (30 mL). The combined organic extracts were washed with water (2 x 15 mL), 
dried over magnesium sulfate, and concentrated in vacuo. The crude product was purified by 
column chromatography on silica gel (hexanes to 10% dichloromethanelhexanes gradient 
elution) to give 170 mg (56% yield) of 2 as a colorless oil that slowly crystallized. 'H NMR (300 
MHz, CDCl,): 6 7.8 1 (d, 2H), 6.93 (d, 2H), 6.88 (dd, 2H), 4.08 (t, 4H), 1.87 (m, 4H), 1.5 (m, 
4H), 1.2-1.4 (m, 16H), 0.91 (t, 6H). 13C NMR (75 MHz, CDCl,): 6 158.1, 142.4, 139.7, 121.2, 
110.8, 86.2, 69.5, 32.0, 29.5, 29.4, 29.3, 26.3, 22.9, 14.4. HRMS calcd. for C28H401202 (M'), 
662.1 1 12; found, 662.1 106. mp = 76-77 "C. 
P4: Compound 2 (13.4 mg, 0.0203 mmol) and 10.0 mg of diethynylpentiptycene (0.0209 mmol) 
were weighed on a microbalance and combined in a 25 mL sealable tube. Small quantities of 
tetrakis(triphenylphosphine)palladium and copper (I) iodide were added to the tube in an inert- 
atmosphere glovebox. Approximately 2 mL of a deoxygenated (by sparging with argon) mixture 
of toluene and diisopropylamine (4: 1 vlv) was added under a heavy flow of argon and the tube 
was sealed. The reaction mixture was stirred at 85 "C for 20 hours, after which it was cooled and 
precipitated into methanol. The polymer was collected by centrifuging and decanting, and was 
washed four times with 5 mL portions of hot acetone. Mn = 18,000; Mw = 71,000. 'H NMR 
(300 MHz, CDCl,): 6 7.9-7.6 (aromatic C-H), 7.6-7.5 (aromatic C-H), 7.1 (aromatic C-H), 4.1- 
3.9 (0-C-H), 2.2- 1.9 (fluorene-C-H), 1.8-1.6 (aliphatic C-H), 1.5- 1.0 (aliphatic C-H), 1 .O-0.7 
(aliphatic C-H). 
Solution Quenching Experiments. Solution Stern-Volmer experiments were performed using a 
typical procedure. A stock solution of optically dilute polymer (OD < 0.1 at k,) in either 
tetrahydrofuran (THF) or chloroform was prepared. A 3.0 mL volume of this solution was added 
to a quartz cuvette, while a known amount of the quencher (15-30 mg) was dissolved in an 
additional 1.0 mL of this polymer stock solution. Aliquots of the quencherlpolymer solution 
were added to the cuvette, and fluorescence spectra of each resulting sample were recorded upon 
addition of each aliquot under identical instrumental conditions (slit widths, excitation 
wavelength, etc.). A linear regression of a plot of @d@ vs. [quencher] yielded excellent linear 
fits, the slopes of which correspond to the Stern-Volmer constant (k,,). Dividing k,, by the 
excited state lifetime of the fluorescent polymer gives the rate constant for fluorescence 
quenching (kq) In all cases, normalization of the first and last emission spectra in each series of 
quenching experiments showed excellent overlap of the spectra and no generation of new bands 
due to exciplexes, etc. 
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4.1. Background to Phosphorescence1 and Cyclometalated Complexes 
When electronic excited states of molecules are created, they can relax to the ground 
state by a variety of mechanisms as illustrated by the Jablonski diagram in Figure 4.1. The 
means by which excited states relax is heavily dependent upon both the structure of the 
molecule and its surrounding environment. According to Kasha's rule, when excited states 
are created (usually by photoexciation), the fastest process is non-radiative relaxation from 
upper excited states to the ground vibrational level of the first excited singlet state (S,, v=O). 
Non-radiative relaxation between electronic states of the same manifold (singlet or triplet) is 
called internal conversion (IC). 
Figure 4.1. Simple Jablonski diagram. Excited vibrational states of So have been removed for clarity. 
The majority of molecules relax directly from S,, since the radiative transition from S, 
to So, (fluorescence), is a quantum mechanically allowed process because the electron spins 
are conserved. Therefore, the lifetimes of S, states are usually very short (0.1-10 ns). There 
is, however, a lower energy excited state than S, that can be populated under certain 
conditions. This is the first triplet state (T,), in which the electron spins in the HOMO and 
LUMO are no longer paired, but are parallel. The triplet state is always lower in energy than 
the singlet state because of the additional stabilization afforded by the non-zero quantum 
mechanical exchange integral of the parallel spins. Triplet states typically have longer 
intrinsic excited state lifetimes (microseconds - seconds), because their radiative relaxation 
(phosphorescence) is quantum mechanically forbidden. "Glow-in-the-dark" items are 
typically made from phosphors. Also, triplet states are involved in nearly every 
intermolecular photochemical reaction because of their longer lifetimes. 
Population of the triplet state requires a "spin-flip" of one of the electrons. This 
transition from S, to T, is called "intersystem crossingt1 (ISC). The most common way used 
to increase the rate of ISC so that it is competitive with singlet-state relaxation mechanisms 
is the inclusion of heavy atoms in the molecular structure, such as some halides or transition 
metals. The large amount of orbital angular momentum possessed by electrons in such atoms 
can cause a magnetic tourque that interacts with the electron spin (spin-orbit coupling) and 
induce a spin flip. Ketones also show fast ISC, as changes in angular momentum associated 
with transitions between n-sc* and n-n* states allow for momentum conservation during ISC. 
Significant population of T, does not guarantee observable phosphorescence. The 
very slow rate of phosphorescence makes T, more susceptible to non-radiative decay before 
appreciable emission can occur. Typically, in order to observe phosphorescence, samples 
must be prepared in a way that slows these non-radiative pathways. Room temperature fluid 
solutions must usually be deoxygenated, either by sparging with an inert gas or by the freeze- 
pump-thaw technique, in order to eliminate T, quenching by energy or electron transfer to 
molecular oxygen. Even under these conditions, however, phosphorescence often cannot be 
observed because the intrinsic non-radiative relaxation of T, at room temperature in liquid 
solution is much faster than the forbidden emission of light. In such cases, samples can be 
trapped in a frozen glass (typically at 77K) in order to minimize molecular vibrations. 
For most practical applications aimed at using phosphorescence, however, efficient 
emission must occur at room temperature. Recently, there has been an increasing interest in 
heavy metal complexes that phosphoresce very strongly at room temperature. The principal 
reason behind this surge in research into novel and efficient phosphors is the development of 
phosphorescence-based organic light emitting devices (OLEDs), which should be more 
efficient then fluorescence-based devices because spin statistics dictate that the majority of 
excitons created upon electron-hole recombination are  triplet^.^ Phosphors are necessary to 
harness the energy of these triplet excitons and convert it into useful light output. 
Among the most popular classes of heavy metal complexes used in phosphorescent 
OLEDs are those that are cyclometalated with bidentate ligands, such as z-phenylpyridine 
( ~ p y ) . ~  These complexes are often highly emissive in fluid solution in the absence of oxygen. 
This property stems from the large ligand field induced by the metal-carbon bond, which raises 
the energy of the non-emissive d-d metal-centered (MC) transitions above the triplet energy of 
the cyclometalated ligand. 
The most commonly used metals in these complexes are iridium and platinum. A 
complex often used in this class is Ir(ppy), (Figure 4.2), which 
has a solution phosphorescence quantum yield of 40%. The 
presence of the heavy metal serves to increase the intersystem 
crossing rate through spin-orbit coupling and reduce the 
forbidden character of emission from the triplet state of the 
ligand. The structures of the ligands are highly modular and are Figure 4.2. Ir(ppy), 
typically optimized to enhance emission intensity and color purity. 
Our goal is to extend the utility of cyclometalated heavy metal complexes beyond 
OLEDs by utilizing their room-temperature phosphorescence and structural modularity in 
chemosensing applications. This chapter describes two such projects that employ 
phosphorescent cyclometalated platinum (11) complexes. The first is the preparation and 
characterization of a phosphorescent conjugated polymer one of the repeat units of which is a 
Pt(I1) complex. The second involves the use of oxidative addition to bis-cyclometalated 
platinum (11) complexes as a transduction mechanism for the detection of toxic electrophiles. 
4.2. Introduction - Phosphorescent Conjugated Polymers 
There are numerous examples of the incorporation of transition metal complexes into 
conjugated  system^.^ Research into highly phosphorescent conjugated polymers with high 
loadings of transition-metal complexes has focused on the platinum-acetylide class of 
materials (Figure 4.3).' These polymers incorporate phosphine-substituted platinum atoms as 
part of the conjugated backbone, the significant spin-orbit coupling of which partially allows 
the intrinsically spin-forbidden processes of intersystem crossing and phosphorescence. 
However, one of the major advantages of working with organic conjugated materials is the 
modularity in material design, and this feature is limited in the platinum acetylide polymers. 
Other work in the field of phosphorescent materials has recently included the use of these 
phosphors as pendant groups on both traditional vinyl and conjugated polymer  backbone^,^ 
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Figure 4.3. Synthesis of the platinum-acetylide series of phosphorescent polymers. 
the preparation and study of an electrophosphorescent fluorene-based conjugated polymer 
with a small percentage of cyclometalated Ir complex in the b a ~ k b o n e , ~  as well as the 
detailed photophysical study of several different n-conjugated oligo(ary1ene-ethynylene)~ 
containing transition metal complexes.* 
The use of fluorescent conjugated polymers is an established method of achieving 
large degrees of amplification for the chemosensing of analytes in both solution and solid 
 state^.^ This approach has been successfully applied to biological binding events via Forster 
energy transfer,'' as well as nitroaromatics and quinones, including 2,4,6-trinitrotoluene 
(TNT), via photoinduced electron transfer from the excited polymer to the bound analyte." 
We have sought to investigate the potential of phosphorescent conjugated polymers as 
chemosensing materials. The longer lifetimes of triplet excitons in conjugated materials may 
lead to increased sensitivities to trace analytes. This is an important goal for the purposes of 
detecting dangerous analytes with much smaller vapor pressures than TNT, such as the high 
explosives RDX and PETN." 
We anticipate that phosphorescent conjugated polymers will offer several sensitivity 
advantages in the field of chemical detection. The longer lifetimes of triplet states should 
allow for a longer diffusion length of excitons and for the sampling of more potential analyte 
binding sites. This, however, may be at least partially offset by a higher effective mass of 
triplet excitons because the intrinsic mobility of triplet excitons in conjugated materials may 
be smaller. 
Furthermore, phosphorescent conjugated materials could show enhanced sensitivity 
by delayed fluorescence. There are several mechanisms for the generation of delayed 
fluorescence1, one of which is triplet-triplet annihilation (Figure 4.4). Because triplet-triplet 
annihilation is a second-order reaction, the intensity of delayed fluorescence will be 
dependant on the square of triplet concentration. Therefore, quenching of triplets by an 
analyte would give an additional amplification to the quenching of delayed fluorescence. 
Figure 4.4. Frontier molecular orbital diagram of triplet-triplet annihilation 
We have directed our attention and efforts towards conjugated polymers based on 
cyclometalated transition metal complexes for their modularity in both the choice of central 
metal atom as well as ligand environment around the metal center. Summarized herein are 
the synthesis and optical characteristics of a poly(pheny1ene) type of conjugated polymer in 
which the phenylpyridine ligand of a square planar Pt(I1) complex constitutes one of the two 
repeat units. The stark contrast between the optical properties of the polymeric systems and 
several model complexes are highlighted and rationalized. The increased sensitivity of the 
polymeric system to dissolved oxygen demonstrates the conjugated nature of the system as 
well as the potential for using phosphorescent conjugated polymers as chemosensing 
materials. 
4.3. Synthesis of Pt(I1) Polymer and Model Complexes 
The synthesis of the Pt (11) polymerization monomer used is illustrated in Scheme 4.1. 
The dihalophenylpyridine ligand was synthesized in one step via a regiospecific palladium- 
mediated Suzuki cross-coupling reaction between 2,5-dibromopyridine and 4- 
bromophenylboronic acid in good yield following chromatography and recrystallization from 
hexanes. The higher reactivity of the 2-position of the 2,5-dibromopyridine has been 
identified previously to make regiospecific poly(pyridyl-vinylene)s.13 The insoluble 
dichloride-bridged platinum dimer was isolated from the reaction between the 
phenylpyridine ligand and K,PtCl, in good yield as a yellow powder after Soxhlet extraction 
with dichloromethane. 
The p-diketonate ligand 2 was obtained in good yield following a procedure that 
involved alkylation of the trio1 derivative followed by a Claisen-type condensation in the 
presence of sodium hydride in THF.'~ The methyl ketone was prepared by methyllithium 
monoreduction of the carboxylic acid. This particular ligand was chosen to help improve the 
solubility of any polymers made from this material, especially given the square planar 
geometry of Pt(I1) complexes. The monomeric complex 4 could be readily obtained by 
fragmenting the chloride-bridged platinum dimer in the presence of the dihalophenylpyridine 
and Ag,O. Column chromatography allowed for the isolation of pure platinum monomer. 
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Scheme 4.1. Synthesis of dibromide monomer 4 and phosphorescent polymer PI. 
In addition to monomer 4, several different model complexes were synthesized for 
comparison with the platinated conjugated polymer. These are illustrated in Scheme 4.3 and 
Figure 4.5. Dialkylated phenylpyridine (Scheme 4.2) could be prepared from the dibromo 
derivative in the two-step sequence of Sonogashira coupling with the corresponding terminal 
acetylene, followed by catalytic hydrogenation in ethyl acetate at 45 psi H, in the presence of 
palladium on carbon. In addition, model complex 5, a short oligomeric model of the 
platinum-containing polymer, was synthesized as shown in Scheme 4.3 by dialkylation of 2- 
bromofluorene, followed by formation of the boronic acid and Suzuki coupling with 4. 
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Scheme 4.2. Synthesis of dialkyl ppy. 
5 
Scheme 4.3. Synthesis of model compound 5. 
Figure 4.5. Other model compounds investigated 
Polymerization of 4 was accomplished by standard Suzuki polymerization with the 
commercially available 2,7-diboronic ester of fluorene as a comonomer. The number 
average molecular weight of P1 as determined by gel-permeation chromatography (versus 
polystyrene standards) was 12,000 glmol with a polydispersity index of approximately 2.5. 
4.4. Solution and Frozen Glass Optical Properties 
Table 4.1 displays some of the critical optical properties of the polymer and model 
complexes synthesized in either deoxygenated tetrahydrofuran (THF) or cyclohexane fluid 
solution as well as in frozen 2-methyltetrahydrofuran glass at 77K. The absorbance and 
emission spectra of P 1  at room temperature, as well as the 77K emission spectrum are shown 
in Figure 4.6. The absorbance spectrum of this material reflects the conjugated nature of the 
backbone. As the length of the phenylene backbone increases from two phenylene units, (6) 
to six phenylenes (5), and ultimately to the polymeric species (PI) there is a corresponding 
extension of the absorbance spectrum to the red. For P 1  onset of absorption begins at 480 nm 
and there is a local maximum at 450 nm. Intensity-normalized absorbance spectra of these 
three species are illustrated in Figure 4.7. 
The emission spectrum is dominated by a strong phosphorescence peak at about 587 
nm, with a Stokes Shift of more than 200 nm. This large difference between the absorbance 
Wavelength, nm 
Figure 4.6. Room temperature absorbance and emission spectra of P1 in THF (solid) and 77 K emission 
spectrum (dotted) in 2-methyl THF. 
Table 4.1. Optical properties of Pt(I1) Complexes 
Abs. La,, nm Emis. La,, nm Complex @p zp9 tds Room Temp rt: 77K Room Temp rt: 77K 
P1 374 585; 584,634 0.05 14.4; 22.3 
5 336 575; 560,606 0.19 13.3; 19.2 
6 361 531; 501,522 < 0.01 0.035; 5.3 
6 (CHX) 359,38 1 490,526; - 0.24 2.2; - 
7 361 533; 531 < 0.01 0.037; 7.2 
7 (CHX) 359 496,530; - 0.30 2.4; - 
8 28 1,3 17,373 485,5 19; 476,494,s 13 0.16 1.4; 8.9 
All room-temperature data was acquired in THF, unless marked "CHX" (cyclohexane). 77K 
emission data was acquired in 2-methyl THF. 
0 
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Figure 4.7. Normalized UV spectra (THF) of Pl(so1id line), 5 (dotted line), and 6 (dot-dash). 
and emission energies is indicative of phosphorescence, due to the approximately 0.7 eV 
singlet-triplet energy gap that is curiously characteristic of all phosphorescent conjugated 
polymers." Another noteworthy feature of the phosphorescence spectra is the resolved 
vibronic structure observable even in the room temperature sample. The energy difference 
between the vibronic bands is approximately 1350 wavenumbers, a value typically observed 
in the fluorescence spectra of phenylene-based conjugated polymers. In addition, the pattern 
of relative Frank-Condon factors of this material, with the 0,O band being the most intense 
and smaller intensities with decreasing energy, is also a common feature in the emission 
spectra of conjugated polymers. l6 
There is little contrast between the 77K spectrum of P1 and the spectrum at ambient 
temperature, save for the typical small rigidochromic blue shift and more highly resolved 
vibronic structure in the glass. Metal-to-ligand (MLCT) based transitions often show a 
substantial solvent dependence because of the potentially large solvent reorganization 
energies in polar solvents as opposed to non-polar or rigid media.13" The lack of a large blue 
shift in the frozen glass is consistent with the transition being primarily a triplet n,n* ligand 
centered ( 3 ~ C )  transition with mixing from MLCT transition to decrease the forbidden 
character of the intersystem crossing and phosphorescence. The basic spectral characteristics 
discussed above also support this conclusion. This is very consistent with structurally related 
square planar platinum complexes previously ~tudied.~' 
Another noteworthy feature of this material is its long room temperature excited state 
lifetime of approximately 14 microseconds. This is about an order of magnitude longer than 
the simple model complex 8 that is very similar to the those studied by ~hompson.~ '  This 
effect can be understood in terms of the relative energy levels of the 3 ~ C  and MLCT states. 
Extending the conjugation length causes a lowering of the energy of the 3~~ state as is 
evident from the absorption and emission spectra. This leads to a decreased amount of 
mixing between the two states and hence the observed longer phosphorescence lifetime. 
The contrasts between P1 and other, more structurally related model compounds 
become even more dramatic upon changing the f3-diketonate ligand from dipivaloylmethane 
to phenyl-substituted ligands. Figure 4.8 illustrates the emission spectra of 6 in several 
Wavelength, nm 
Figure 4.8. Emission spectra of 6 in cyclohexane (solid line), THF (dotted) and 77K Zmethyl THF (dot- 
dash). 
different solvents. Although this changing of the non-cyclometalating ligand does not result 
in a significant change in the color of emission versus those such as compound 8, it has a 
large effect on both the quantum yield of phosphorescence and the phosphorescence lifetime 
in THF. Those complexes with phenyl-substituted p-diketonate ligands show much lower 
emission efficiencies and excited state lifetimes as low as 35 ns in THF, which are almost 
three orders of magnitude less than PI. The lifetime of complexes 6 and 7 at 77K is about 6- 
7 microseconds, similar in magnitude to 8. 
A reasonable model that is consistent with these observations is the presence of a very 
weakly or non-emissive state that is in thermal equilibrium with the phenylpyridine-based 
3 LC at room temperature in THF. The substitution of aromatic rings on the diketonate ligand 
extends its conjugation and lowers its oxidation potential (raising the local HOMO), thereby 
lowering the energy of a charge transfer transition from this ligand to the central platinum 
atom. This is consistent with previous photophysical data of fluorine-substituted Pt(I1) 
phenylpyridine complexes with high-energy 3 ~ C   transition^.^' These complexes also have 
very short lifetimes and low emission quantum yields. Equilibration of the high-energy LC 
state with a non-emissive CT state involving the p-diketonate ligand accounts for this 
observation as well. In addition, phenyl substituted p-diketonate ligands have been shown to 
dramatically reduce the phosphorescence efficiency of cyclometalated Ir(II1) complexes in 2- 
methyl T H F . ~ ~  
The nature of the very weakly emissive state has been probed with a solvent- 
dependence study. When one of the highly soluble complexes 6 or 7 is dissolved in 
cyclohexane (CHX) as opposed to THF, the excited state lifetime changes from 
approximately 35 ns to over 2 ps. In addition, the quantum yield of emission is raised from 
less than one percent to approximately 25-30%. Therefore, the emission from the lowest 
energy 3 ~ C  state remains undisturbed in CHX, whereas the polar CT Pt-diketonate states are 
destabilized by the non-polar nature of CHX relative to the more polar THF. Figure 4.9 
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Figure 4.9. Proposed qualitative energy diagram of Pt(I1) complexes, displaying the emissive 3 ~ C  
state and the non-emissive charge-transfer state involving the diketonate ligand. Lowering of the CT 
state energy by incorporation of phenyl groups on the diketonate group allows the LC state to be in 
thermal equilibrium with it (6). Dramatic lowering of the 3~~ energy by incorporation into a 
conjugated polymer (PI) restores the energy difference between the two states. 
summarizes the model deduced from the experimental data with a qualitative energy level 
diagram. 
These comparisons emphasize that the design of materials containing organometallic 
complexes and materials for optical and optoelectronic applications is still a relatively 
unexplored field compared to purely organic materials. The presence of multiple transitions 
such as metal centered, MLCT and LC transitions adds a significant amount of information 
to be deconvoluted for each individual metal-containing system. The wide choices of 
available metal atoms and ligands will not only increase the modularity of potential 
phosphorescent materials, but also the complexity of data and performance analysis. This 
being said, these features of organometallic complexes offer additional opportunities for the 
design and application of new sensory transduction schemes. Manipulation of excited state 
energy levels in these systems with environmental and chemical structure changes such as 
this study demonstrates can be envisioned to be critical elements of novel chemosensing 
mechanisms. 
4.5. Oxygen Induced Quenching 
The field of optical oxygen sensing has been dominated by phosphorescent transition 
metal complexes because of their reactivity towards molecular oxygen through a 
combination of triplet-triplet annihilation and photoinduced electron transfer to form singlet 
oxygen and their long excited state lifetime that allows for competitive diffusion of oxygen 
with their radiative rates.17 Oxygen detection is often performed by analyzing the reduction 
of the excited state lifetime due to purely diffusive phosphorescence quenching. An 
advantage of this method is that it does not depend on absolute phosphorescence intensity, 
which can vary due to partial decomposition of the complex. Hence lifetime analysis lowers 
inaccuracies in oxygen concentration measurements brought about by artifacts such as 
photobleaching.18 
Many current research efforts into oxygen detection involve the encapsulation or 
dispersal of monomeric transition metal complexes into an inert matrix such as 
poly(dimethylsiloxane) or a sol-gel.19 The potential for higher sensitivity brought about by 
conjugated polymer sensors along with their material properties and processability may make 
them viable candidates for the next generation in oxygen sensing materials. As a proof of 
principle for this type of approach, the sensitivity of P1 towards dissolved oxygen was 
compared to the fluorene-containing polymer mimic 5. 
The oxygen sensitivity experiments were conducted in THF solvent. All samples 
were degassed by at least three freeze-pump-thaw cycles and then repressurized with the 
appropriate mixture of nitrogen and air. In addition, the solutions were shaken for 
approximately 2 minutes before data collection to ensure equilibration between the gas and 
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Figure 4.10. Lifetime Stern-Volmer plots for P1 and 5 as a function of percent air in nitrogen. 
shows a 30-40% increased sensitivity to dissolved 0,. 
the solution. Phosphorescence lifetimes as a function the percentage of air were acquired a 
minimum of two times to ensure reproducibility. 
Figure 4.10 shows the dependence of the excited state lifetimes of P1 and 5 on the 
volume fraction of air in solution. As can be inferred from this information, the polymeric 
species demonstrates a noticeable increase in oxygen sensitivity via diffusional quenching of 
approximately 30-40%. This result is indicative of a somewhat larger exciton present in the 
excited state of P1 as compared to 5. 
This experiment demonstrates that extension of the excited state of organometallic 
complexes into conjugated polymers is a potentially viable means towards improving oxygen 
sensing materials. Though the effect of increased conjugation length is modest in solution, it 
could be greatly enhanced in conjugated polymers that are highly phosphorescent in the solid 
state, which may allow for more sensitive amplified detection of oxygen due to 
intramolecular exci ton migration. The current technology of dispersing small molecule 
phosphors in sol-gel or inert polymer hosts precludes this type of amplification. This 
enhancement due to the extension of the exciton length is coupled with the increase of the 
intrinsic excited state lifetime resulting form the lower energy of the 3~~ state relative to the 
MLCI' (vide supra). The longer excited state lifetime offered by phosphorescent conjugated 
polymers should have the practical effect of increasing the dynamic range and resolution of 
optical oxygen sensing since a wider range of lifetimes would be available for a given range 
of oxygen concentrations. 
4.6. Introduction to Chemosensing with Bis-cyclometalated Platinum (11) Complexes 
In addition to their simple light-emitting properties, the relatively underdeveloped bis- 
cyclometalated square-planar Pt(I1) complexes can be highly reactive via oxidative addition to 
give 
who 
v 
Figure 4.11. Oxidative addition reactions of the type described Von Zewlesky 
such as ~ ( p p y ) , , ~ '  or the strongly orange-emitting Pt( thpy),.,' They found that these complexes 
underwent facile oxidative addition reactions with reactive electrophiles, such as methyl iodide 
or benzyl bromide, under ambient conditions, principally by an S,2-type mechanism, to give 
only one stereoisomeric Pt(IV) product out of a possible eleven (Figure 4.1 They also found 
that less reactive molecules, such as chloroform, dichloromethane, or ethyl bromide, underwent a 
similarly clean oxidative addition reaction under photolytic conditions via a radical chain 
Von Zewlesky and coworkers also described that several of the Pt(IV) products of these 
reactions were strongly emissive, with a purely ligand-centered phosphorescence in the blue or 
green region of the visible spectrum.23a7 24 These emission signals were very distinct from those 
of the Pt(I1) starting materials, in which the contribution from a metal-to-ligand charge transfer 
(MLCT) state was much larger and gave a strongly red-shifted emission? The presence of a 
wide variety of dangerous electrophilic chemicals, including some chemical weapons, highlights 
this transformation and the accompanying photophysical changes, as a potentially powerful 
chemosensing transduction scheme. 
There are mu1 tiple examples of phosphorescent complexes used as chemosensors. The 
most notable is their use in the field of oxygen sensing.19 The typically long-lived nature of the 
triplet excited state of metal complexes make them highly sensitive to oxygen, which decreases 
the emission intensity and phosphorescence lifetime of most phosphors through triplet-triplet 
energy transfer to give singlet oxygen and the ground state of the complex. This reaction also 
forms the basis for photodynamic therapy, as the singlet oxygen produced in this reaction can be 
highly cytotoxic to cancer cells near the surface of the skin." 
Additionally, there have been phosphorescent complexes designed for the sensing of 
other vapors. One example is that of Pilato, who used a platinum 1,2-enedithiolate complex to 
detect fluoro and cyano phosphate esters by formation of a strongly phosphorescent complex." 
The analytes activated a primary alcohol that subsequently intramolecularly alkylated a pyridine 
substituent to form a rigidified ligand around the platinum center. Our group has utilized a 
similar reaction to create a fluorescent turn-on sensor for these analytes, which are simulants for 
chemical weapons, including SARIN and SOMAN? The primary advantages to this type of 
detection method for chemical weapons over others, such as surface acoustic wave or 
interferometery, are that it is functional group specific, simple, and highly portable. 
Cyanogen halides (X-CN) are highly toxic blood agents that have an effect on the human 
body similar to that of hydrogen cyanide.29 Cyanogen chloride, a gas under ambient conditions, 
is a military chemical weapon (abbreviation: CK). Reliable detection of these poisons at 
dangerous concentrations has obvious implications for homeland security. Herein we describe 
our studies of a series of bis-cyclometalated platinium (11) complexes as potential 
phosphorescent reporters of cyanogen haldes via an oxidative addition reaction. 
4.7. Synthesis of Bis-cyclometalated Pt(I1) Complexes 
A total of eight platinum (11) complexes were synthesized and studied in this work. 
Scheme 4.4 summarizes the procedures used to synthesize the cyclometalating ligands. The bi- 
or tri-cyclic ligands were readily synthesized by standard palladium-catalyzed cross-coupling 
methods, except for 2-phenylpyridine, which is commercially available. Non-benzo-fused 2- 
thionylpyridine ligands, including the previously reported parent thienylpyridine (thpy, 9a) were 
synthesized either by Suzuki couplings (9a) with thiophene 2-boronic acid and 2-bromopyridine, 
or Stille couplings (9b-9f) with the appropriately substituted reactants that were either 
commercially available or readily prepared. Benzthiophene-based ligands 10a and lob were 
prepared from the commercially available thianapthene boronic acid and the 2-bromopyridine by 
Suzuki coupling in 50-60 % yield. 
SnBu3 
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/ N  CsF, Dioxane / -CH3 
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Scheme 4.4. Synthesis of 2-thienylpyridine ligands for complexation with platinum. 
Scheme 4.5 summarizes the synthetic procedures used to prepare the bis-cyclometalated 
Pt(I1) complexes. Most of the homoleptic complexes studied were synthesized by simple 
lithiation of the ligands with t-butyllithium in a THFIEt20 mixture, followed by metalation with 
Cl,Pt(SEt,),, as per the method of von ~ e l e w s k y . ~ '  Complex 12b could not be synthesized, 
probably because of the steric congestion that would be present in the desired product. Also, the 
heteroleptic complex (13) was prepared by cracking the chloro-bridged ppy-ligated dimer 
intermediate with diethyl sulfide, followed by reaction with the lithiated thpy ligand. To our 
knowledge, this is the first heteroleptic bis-cyclometalated platinum complex that has been 
1  ld:  4-methyl - 12% 
1  1 e: 5-methyl - 40% 
1  1 f: 6-methyl - 32% 
Scheme 4.5. Synthesis of bis-cyclometalated platinum complexes 
rep~rted.~' All final complexes were readily chromatographed under ambient conditions on 
silica gel and isolated as single stereoisomers, taken to be cis based on literature precedent and 
several x-ray crystal structures (vide infra). 
4.8. Photophysical Properties of Bis-cyclometalated Platinum Complexes 
Table 4.2 summarizes the photophysical properties of the platinum (11) complexes in 
deoxygenated, room-temperature fluid solution and in 77K 2-methyltetrahydrofuran glasses. 
Most of the complexes investigated here showed sharp and distinct MLCT transitions with 
extinction coefficients of approximately lo4, as is characteristic for the parent Pt(thpy), complex 
( l la) .  These bands also showed moderate negative solvatochromism, in that more polar solvents 
gave blue-shifted MLCT bands. One example is the complex l l a ,  which in acetone had an 
MLCT maximum at 419 nm, but in toluene was red-shifted to 430 nm. Also, increasing the 
electron density ( l l b ,  l l c )  or the conjugation lengths (12a) of the ligands tended to cause a red 
shift in the absorbance bands. 
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Figure 4.12. Normalized absorbance spectra of bis-cyclometalated Pt(I1) complexes in THF. 
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Figure 4.13. Room temperature emission spectra of phosphorescent bis-cyclometalated R(I1) in THF. 
In addition, most of the Pt(I1) complexes displayed moderate to strong phosphorescence 
intensity (with quantum yields of emission between 0.05 and 0.30) in room temperature, 
deoxygenated fluid solution.. All of the emissive complexes phosphoresce in the orange or red 
region of the visible spectrum with lifetimes on the timescale of 5-15 microseconds at ambient 
temperature. The lower quantum yield and biexponential character of 5 may be due to the 
presence of a competing, non-emissive state involving the phenylpyridine ligand. Pt(ppy), is not 
strongly phosphorescent at room temperature. 
All these Pt(I1) complexes show only weak solvatochromism in their phosphorescence 
energy. The rigidochromic effect on the emission of these complexes is a small value of 9k3 nm 
upon freezing the sample in a 2-methyltetrahydrofuran glass. The rigid glass does not allow 
reorganization of solvent dipoles upon generation of an excited state, and gives a strongly blue- 
shifted spectrum of complexes that emit from a charge-transfer state. These trends, coupled with 
the vibronic structure observed in the room temperature phosphorescence spectra, suggest that 
the emissive state of these complexes is an admixture of an MLCT state and an intraligand JC-JC* 
state. This behavior is similar to other Pt(I1) cyclometalated complexes? 
Table 4.2. Photophysical parameters of Pt(I1) complexes 11-13 
Complex 
l l a  
l l c  
1 ld  
l l e  
l l f  
because of weakness of signal. c Multiexponential decay. 
Not all of the complexes, however, emit strongly at room temperature. Those complexes 
Room Temperature Solution (THF) 
&,,(UV/vis)" LaX(P hos) %P +P 
306,425 nm 582 nm 5.5 ps 0.24 
13 
( l l f  and 12a) have phosphorescence quantum yields less than 1 percent. Complex l l f  is a 
77K Glass (2-MeTHF) 
&,,(Phos) =P 
575 nm 10.3 ps 
3 17,443 nm 613 nm 13.6 ps 0.30 
306,419 nm 578 nm 6.0 ps 0.24 
309,425 nm 588 nm 6.4 ps 0.22 
311,438 nm 582 nm b <O.O 1 
particularly striking example, as the inclusion of only a methyl group on the pyridine ring almost 
605 nm 14.2 ps 
569 nm 10.9 ps 
578 nm 9.7 ps 
572 nm 15.2 ps 
a First maximum is ligand-centered absorption, second is MLCT. b Not determined 
300,415 nm 581 nm c 0.05 
completely eliminated phosphorescence. The relatively small effect of including a more 
567 nm 13.2 ps 
powerful donor in complex l l c  suggests that this phosphorescence attenuation is due to steric 
congestion of the square plane around the metal center. The strong room temperature emission 
of l l d  and l l e  also supports the hypothesis that steric congestion is the reason for the very weak 
emission of l l f  and 12a. Complex l l f  is very similar to l l d  and l l e ,  the only difference being 
that the methyl groups meta or para to the pyridine nitrogen are not expected to have repulsive 
interactions in the square plane. Complexes l l f  and 12a also gave broadened MLCT absorbance 
bands, suggesting that there is more conformational variation in these non-emissive complexes. 
In order to directly observe the effects of interligand steric congestion around the 
platinum metal center, single crystal x-ray structures were obtained for complexes l l b  and l l f .  
Table 4.3 Some Key Crystallographic 
parameters for 3b and 3f. 
Empirical 
formula C20H 16N2PtS2 C20H16N2PtS2 
Color Orange Orange 
Mr 543.56 543.56 
Crystal size 0.02x0.05x0.02 0.20x0.20x0.10 
T(K) 1 OO(2) 1 OO(2) 
h(MoKa) 0.7 1073 0.7 1073 
Crystal Triclinic Monoclinic 
Space group P- 1 
a [A] 6.9633(12) 16.0087(10) 
b [A] 10.9345(18) 9.0397(5) 
C [A] 11.3463(19) 24.81 19(15) 
a ("1 99.492(3) 90 
I3 ("1 96.61 3(3) 104.853(2) 
Y (") 90.630(3) 90 
v [A3] 846.0(2) 3470.7(4) 
Z 2 8 
p calcd 2.134 2.08 1 
8.544 8.33 1 
F (000) 
Transmission 
range 
28 range 
Measured 
reflections 
Unique 
reflections 
Parameters 
Gof (for F ~ )  
Rl[I > 2~(1)1, 
R1 all data 
wR2[I > 
2 m 1 ,  wR2 
AP max I min 
Figure 4.14. ORTEP plots of x-ray crystal structures of l l b  and l l f  at 50% probability. 
ORTEP diagrams of these crystal structures are displayed in Figure 4.14, while the important 
crystallographic parameters are included in Table 4.3. Complex l l b  is only slightly distorted out 
of a square planar geometry, while l l f ,  on the other hand, is severely distorted away from ideal 
square plane geometry because of the steric repulsion between the methyl groups ortho to the 
nitrogen on the pyridine ring. Although we were unable to grow suitable crystals from the 
benzthiophene-substituted complexes, simple molecular mechanics modeling indicates that the 
aryl hydrogen atoms in the 4-positions of the thianapthene ring system in complex 12a would 
have similar steric interactions in a square planar geometry, forcing the complex into a highly 
distorted conformation. Certain quinoline-substituted bis-cyclometalated heavy metal group 10 
d8 complexes have been shown to have a severely twisted geometry for similar reasons. These 
intramolecular repulsions probably lead to enhanced non-radiative relaxation of the excited state 
through additional twisting and vibration. 
4.9. Oxidative Addition In Solution 
All of the reported complexes take part in oxidative addition reactions under ambient 
conditions as described by von ~ewlesky." Figure 4.15 shows the progress of a reaction with 
l l b  with methyl iodide under pseudo-first order conditions in benzene as followed by 
absorbance spectroscopy. Well-behaved isosbestic points, in addition to well-behaved pseudo- 
first order kinetics (Figure 4.16), characterize this reaction. There is also a strong solvent 
dependence on the rate of reaction, which is indicative of a largely highly polar transition state 
and an SN2-type mechanism. 
Upon adding cyanogen bromide to these complexes under similar conditions, several 
important differences were apparent. The first is that the reaction with cyanogen bromide was 
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Figure 4.15. UVIvis spectra of l l b  during its 
reaction with 1.0 M Me1 in benzene. Times 
elapsed, in seconds, are 15, 30,45, 60, 90, 120, 
180,240, and 300. 
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Figure 4.16. Pseudo-first order rate plot for l l b  
in 1.0 Me1 in benzene. The calculated 
bimolecular rate constant was 0.0081 M-'s-'. 
much faster than that with methyl iodide. Figure 4.17 compares the percent conversion as a 
function of reaction time for cyanogen bromide (0.00013 M) and methyl iodide (1.0 M) with 
lla. The cyanogen bromide reaction goes to completion well before the reaction with MeI, even 
though the concentration of BrCN is almost lo4 times smaller. The non-polar solvent benzene 
was used to more effectively mimic a solid-state environment, which would be used for sensing 
purposes, than a more polar solvent. The UVlvis profiles of these reactions (Figure 4.18 for llb) 
also show well-behaved isosbestic points, disappearance of the Pt(1I) MLCT band, and growth of 
an absorbance at approximately 350 nm, characteristic of bis-cyclometalated Pt(1V) complexes. 
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Figure 4.17. Conversion versus time, as 
determined by UV/vis, for l l a ,  with either Me1 Figure 4.18. UV/vis spectra of 1 l b  during its 
or BrCN (in benzene). A much smaller reaction with 0.00013 M BrCN in benzene. Times 
concentration of BrCN is necessary to achieve elapsed are in 20 second intervals. 
rapid conversion. 
In addition to a much faster reaction rate in solution, the kinetic profiles of these reactions 
with CNBr do not follow a simple kinetic model. Figure 4.19 shows the pseudo-first order rate 
plot for the reaction of l l b  with 0.00024 M CNBr in benzene. The reaction accelerates very 
quickly following an initial induction period. This difference in kinetic behavior suggests a 
different mechanism than the S,2 type invoked for the oxidative addition with methyl iodide. 
A third significant difference between the reactions with CNBr and Me1 is the lack of 
strong solvent polarity dependence on rate of reaction with the Pt(1I) complexes and CNBr. 
Upon switching from toluene to acetone, the initial reaction rate only increased by approximately 
50%. The key differences in these reactions are indicative of a radical, potentially chain, 
mechanism operating in these reactions. Von Zewlesky has reported these reaction properties 
occurring between l l a  and certain benzylic halides, and has ascribed them to a radical 
mechanism." This is further supported by the observation that the reaction goes to completion 
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Figure 4.19. First-order kinetic plot for the Figure 4.20. Percentage conversion of l la ,  
reaction of l l b  with BrCN (2.4E-4 M) in in either toluene or benzene, in the presence 
benzene. The reaction accelerates after an of 0.00024 M BrCN. 
initial induction period. 
much faster in benzene than in toluene (Figure 4.20), suggesting that intermediate radicals may 
abstract benzylic hydrogen atoms from toluene, thereby inhibiting the reaction. 
To ensure that oxidative addition, and not complex decomposition, was occurring, the 
reaction between l l a  and BrCN was performed on a preparative (-30 mg) scale. Upon mixing 
the two in THF, a colorless product immediately precipitated. The major product (of 2 by TLC) 
was isolated by filtration and washing with dichloromethane. Mass analysis of the isolated 
product showed the desired molecular ion for Pt(thpy),(Br)(CN) with the expected fragmentation 
pattern. NMR analysis was not possible because of the very limited solubility of the complex. 
No free ligand was observed upon addition of BrCN. Although the product was not emissive in 
room temperature fluid solution, it was strongly emissive at 77K with photophysical parameters 
consistent with a bis-cyclometalated Pt(1V) complex.24" This included a highly structured 
emission spectrum with a maximum in the green region of the visible spectrum and a 
monoexponential excited state lifetime of about 400 ps. 
Analysis the structure-reactivity trends between different Pt(I1) complexes and BrCN 
yielded similar results to the study of photophysical properties. The most reactive complexes 
were those that incorporated interligand steric congestion into the square plane of the complex 
( l l f ,  12a) even at stoichiometric concentrations of BrCN. Figure 4.21 shows the percent 
conversion as a function of time (in 0.00013 M 
Table 4.4. Bimolecular rate 
BrCNIbenzene) of several members of the Pt(thpy), family. constants of Pt(ll) 
with Me1 in benzene 
Therefore, the increase in the energy of the sterically crowded 
complexes decreases the activation barrier for oxidative 
addition, increasing the rate at which these heavily distorted 
complexes go to octahedral products. The fact that the least 
emissive Pt(I1) complexes are the most reactive towards 
oxidative addition with BrCN will likely be beneficial to any 
turn-on phosphorescence-based sensing scheme, since 
excessive phosphorescence from the starting "off' state may 
increase the background signal on top of which the 
measurement must be made. The heteroleptic complex 13 also 
Com~lex  k, (Me11 
l la 3.4 x 10" M-'s-~ 
l l b  8.1 M-IS-' 
l l c  4.8 x 10" M-ls-' 
l ld  8.8 x 10" M-'s-' 
l l e  5.1 x 10" M-~s-' 
l l f  0.82 x 10" M-Is-' 
12a 0.93 x 10" M-Is-' 
13 5.8 x 10" M-ls-' 
goes to completion faster than the parent homoleptic complex l l a ,  but the reason for this is 
presently unclear. 
In contrast to the structure-reactivity trend with BrCN, the more sterically hindered 
complexes ( l l f ,  12a) show bimolecular rate constants with methyl iodide (in benzene) that are 
approximately 4-10 times smaller than the unstrained systems (Table 4.4). An electronic effect 
for this behavior was ruled out because l l d  and l l e ,  which have methyl groups in different 
positions on the pyridine ring, do not show behavior similar to that of l l f .  This suggests that the 
transition state for SN2 type oxidative addition 
to these complexes exacerbates the preexisting 
steric congestion, possibly by forcing the 
complex into a square-pyramidal geometry, 
whereas the transition state for the reaction 
with BrCN relieves the unfavorable 
interactions. This difference is particularly 
Time, s 
Figure 4.210 C~nversion Percentages of several useful for sensing, as it could impart additional 
Pt(I1) complexes as a function of time in 
0.00013 M BrCNIbenzene. selectivity for cyanogen halides over 
interferents that react by the S,2-type mechanism. 
4.10. Solid State Phosphorescence Sensing 
Solid-state materials are essential for the fabrication of effective vapor-phase sensory 
devices. This can be readily achieved with conjugated polymer sensors, neat thin films of which 
can be highly emissive when the polymer 
structure is properly designed to prevent I 
aggregation. These platinum complexes, a 0.8 
C 
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.- 
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cast into films. By spin-casting from a 
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Figure 4.22. Normalized emission spectra of 
mixture of poly(methy1 methacrylate) l l a  in degassed THF solution and doped into a 
PMMA films (10% wlw). 
(PMMA) and the desired Pt(I1) complex (10% w/w relative to PMMA), transparent, glassy, 
highly phosphorescent thin films were readily prepared. Many of these films were highly 
emissive even under ambient conditions because the glassy PMMA excluded enough oxygen to 
allow radiative decay of the triplet excited states to be kinetically competitive with oxygen- 
induced quenching. As illustrated in Figure 4.22, these films showed very similar shapes of their 
emission spectra to the solution data. This indicates that at 10% loading the amount of 
intermolecular communication between the metal complexes was negligible. In addition, those 
complexes that were not emissive in room temperature solution ( l l f ,  12a)  showed 
phosphorescence spectra in the PMMA films that were in the same spectral region as at 77K. 
This is presumably because the rigid PMMA matrix inhibits the intramolecular conformational 
changes that lead to non-radiative deactivation of the excited states of these strained molecules. 
Upon exposing these doped PMMA films to saturated BrCN vapor, complete conversion 
to the corresponding platinum (IV) complexes occurred within seconds. The blue-shifted 
emission of the product is apparent both spectroscopically and visually. The spectral features of 
the products in the solid state are consistent with the characteristic ligand-centered platinum (IV) 
emission, both in spectral position and the relative intensities of the vibronic bands. Figure 4.23 
shows a picture in which PMMA films containing l l a  and 12a have been exposed to saturated 
BrCN vapor for 15 seconds. 
The spectra in Figure 4.24 illustrate how using a strong spectral blue shift as the sensing 
signal gives a turn-on signal with virtually no background (dark-field). This feature is desirable 
in any sensing system for maximum sensitivity to trace quantities of analyte. Current 
experiments are focused on demonstrating trace (part-per-million) sensitivity to the cyanogen 
halides. Preliminary experiments have shown modest .sensitivity to 10 ppm BrCN vapor. We 
Figure 4.23. PMMAIPt(I1) spun-cast films of 12a (top) and lla (bottom) under UV light. Films on the 
left are unexposed, while films on the right have been exposed to saturated BrCN for 15 seconds. The 
Pt(1V) BrCN adduct of 12a in PMMA has an emission quantum yield of 130% relative to 12a, while the 
green-emitting BrCN adduct of lla has a 40% emission quantum yield relative to lla in PMMA. 
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Figure 4.24. PMMA film emission spectra of lla (a) and 12a (b) before (dotted) and after (solid) 
exposure to BrCN vapor for 15 seconds. 
are also focusing on extending this type of chemosensing mechanism to other dangerous 
chemicals, such as explosives. 
4.11. Conclusion 
We have synthesized and characterized the optical properties of a new organometallic 
poly(pheny1ene) conjugated polymer based on a monocyclometalated platinum (11) complex. 
The emission of this material is dominated by the polymeric 3~~ transition, with a small 
contribution from the MLCT band that decreases the forbidden nature of intersystem crossing 
and leads to strong phosphorescence. The lower energy of the LC state, due to extension of the 
cyclometalated chromophore, results in a relatively long 14 microsecond lifetime at room 
temperature in THF solution. The vastly different optical properties observed between 8 and 6 or 
7 are due to the latter containing the more easily oxidized phenyl-substituted ligand which 
increases mixing with the CT state. The polymeric nature of this conjugated material also gives 
a sensitivity improvement for dissolved oxygen quantification. 
A new dark-field turn on optical chemosensing scheme has been developed using bis- 
cyclometalated platinum complexes. A series of these complexes was synthesized, most of 
which have not been previously reported in the literature. The ligands were chosen so that 
structures with a variety of electronic and steric properties could be investigated. Most of these 
Pt(I1) complexes were strongly phosphorescent at room temperature in fluid solution. It was 
found that cyanogen halides oxidatively add readily to these Pt(I1) complexes to give the 
corresponding Pt(1V) products. Investigations of the structure-property relationships showed 
that those complexes that were twisted out of the square planar geometry (and were also not 
phosphorescent at room-temperature in solution) reacted 4-10 times faster with CNBr than those 
that were not. The relative lack of solvent polarity dependence on the reaction kinetics as well as 
the strong difference in kinetics between toluene and benzene strongly suggests a radical 
mechanism for this reaction. These complexes, which were phosphorescent in glassy polymer 
matrices at room temperature, also reacted with cyanogen halide vapors to give the blue-shifted 
Pt(1V) products which were also emissive under these conditions, giving a dark-field turn-on of 
the product phosphorescence, an advantageous characteristic for improving sensitivity towards 
any potential analyte. Current efforts are directed at improving the sensitivity of cyanogen 
halide detection, as well as applying this new chemosensing technique to other potential 
anal ytes. 
4.12. Experimental Section 
General Experimental Methods: All synthetic manipulations were performed under an argon 
atmosphere using standard Schlenk techniques unless otherwise noted. NMR ('H and 13C ) 
spectra were recorded on either a Varian Mercury 300 MHz or a Varian INOVA 500 MHz 
spectrometer. NMR chemical shifts are referenced to residual protonated solvent. High- 
resolution mass spectra (HRMS) were obtained at the MIT Department of Chemistry 
Instrumentation Facility using a peak-matching protocol to determine the mass and error range of 
the molecular ion, using either electron impact or electrospray as the ionization technique. 
Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) data was obtained on a 
Bruker Daltronics instrument in reflection mode and was calibrated with the MALDI standards 
kit from Applied Biosystems. Polymer molecular weights were determined by gel-permeation 
chromatography (GPC) using an HP series 1100 GPC system running at 1.0 mL1min in THF or 
DMF equipped with a diode array detector (254 nm and 450 nm) and a refractive index detector. 
Molecular weights are reported relative to polystyrene standards. Preparative GPC was 
performed in THF using a 10 pm PLgel preparative GPC column. The flow was supplied by a 
Rainin HPXL solvent delivery system at 10 mLlmin. Absorbance was monitored with a 
Dynamax W- 1 absorbance detector. 
UVlvis spectra were recorded on an Agilent 8453 diode-array spectrophotometer and 
corrected for background signal with either a solvent-filled cuvette (for solution measurements) 
or a clean glass cover slip (for thin film measurements). Emission spectra were acquired on a 
SPEX Fluorolog-~3 fluorimeter (model FL-321, 450 W Xenon lamp) using either right angle 
detection (solution measurements) or front face detection (thin film measurements). All samples 
were degassed by at least three freeze-pump-thaw cycles in an anaerobic cuvette and were 
repressurized with Ar following each cycle. 77K emission spectra were acquired in frozen 2- 
methyltetrahydrofuran glass. Quantum yields of phosphorescence were determined by 
comparison to Ru(bpy), in deoxygenated water and are corrected for solvent refractive index and 
absorption differences at the excitation wavelength. 
Phosphorescence lifetimes were determined by time-resolved phosphorescence 
spectroscopy. The irradiation source was an Oriel nitrogen laser (Model 791 11) with a 5 ns 
pulsewidth operating at approximately 25 Hz. The emitted light was dispersed in an Oriel 
MS-260i spectrograph with a 300 lineslmm grating. The detector was an Andor 
Technologies Intensified CCD camera (1024 x 128 pixels) with an onboard delay generator 
and a minimum gate width of 5 ns operating in full vertical binning mode and triggered by a 
TTL prepulse from the nitrogen laser. Data taken of 77K glasses were subjected to no 
horizontal binning, while solution data was acquired with a horizontal binning of 2 or 3. 10- 
15 spectra at different delay times after the laser pulse were taken per lifetime measurement, 
the integrated intensities of which were fit to a single-exponential function. The detector 
was calibrated with a Hg(Ar)pencil-style calibration lamp. 
Gas mixing was performed by flowing air and nitrogen through two separate Sierra 
mass flow controllers that were coordinated and controlled with a Sable Systems MFC-4 Gas 
Mixer. The controlled gas flows were led into the bottom of a round bottom flask equipped 
with a magnetic stirring bar. The gas mixture was led out of the top of the flask and 
introduced to the vacuum-degassed sample. 
X-ray crystal structures were determined with a Siemens Platform three-circle 
diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite- 
monochromated Mo K a  radiation (h  = 0.71073 A), performing cp- and w-scans. All 
structures were solved by direct methods using SHELXS [Sheldrick, G. M., Acta Cryst. Sect. 
A (1990), 46, 467.1 and refined against F2 on all data by full-matrix least squares with 
SHELXL-97 [Sheldrick, G. M. SHELXL 91, Universtitat Gottingen, Giittingen, Germany, 
19971. All non-hydrogen atoms were refined anisotropically. 
4,4'-Dibromophenylpyridine: A mixture of 4.74 g (0.020 mol) of 2,5-dibromopyridine and 707 
mg (0.612 mmol) tetrakis(triphenylphosphine)palladium were stirred in 50 mL of 1,2- 
dimethoxyethane (DME) at room temperature while introducing Ar via a needle for 20 minutes. 
To this mixture was added 4.02 g (0.020 mol) of 4-bromophenylboronic acid in 50 mL absolute 
EtOH. This mixture was stirred was ambient temperature while introducing Ar via needle for an 
additional 20 minutes. To this mixture was added 30 mL of a 2.0 M aqueous solution of N%CO, 
and stirred for an additional 20 minutes with additional Ar bubbling. The argon needle was then 
removed, and the mixture heated to reflux under Ar for 20 hours. The flask was cooled to 
ambient temperature, and the solvent was removed in vacuo and to the residue was added 100 
mL water and 75 mL CH2C12. The organic layer was separated and additional organics were 
extracted from the water layer with CH2C12 (2 x 75 mL). The organic layers were combined and 
washed with water (1 x 100 mL) and brine (1 x 100 mL), dried over MgSO,, filtered, and dried 
in vacuo. The crude product was purified by column chromatography (SiO,, 2: 1 hexane:CH,Cl,) 
and recrystallized from hexanes to give 3.81 g (61% yield) of the pure desired product. 'H NMR 
(300 MHz, CDCI,): 6 8.72 (dd, lH), 7.83 (m, 3H), 7.60 (m, 3H). 13c NMR (75 MHz, CDCI,) 6 
154.9, 151.0, 139.6, 137.3, 132.2, 128.5. 124.1, 121.6, 119.9. MS calcd. for Cl,H,NBr2 (M'), 
3 10.89; found, 3 10.90. 
Dibromo Platinum (11) Complex 4: To a solution of K,PtCl, (5 14 mg, 1.25 mmol) in 25 mL of 
water was added 783 mg (2.50 mmol) of 4,4'-dibromophenylpyridine and 75 mL of 
ethoxyethanol. The mixture was then heated to 90 "C under Ar for 16 hours. Then mixture was 
then cooled to ambient temperature, and 100 mL of water were added. The solid was collected 
by filtration, redispersed in 300 mL water, stirred for 15 minutes, and again collected by 
filtration. The solid was then washed with EtOH in a similar fashion. The brown solid was 
extracted with CH,Cl, for 16 hours in a Soxhlet apparatus. The remaining solid was then 
dispersed in 250 mL of CH,Cl,, sonicated for 15 minutes and filtered. This sonication/filtration 
procedure was repeated an additional two times. The filtrates were combined with the Soxhlet 
extract, and the solvent removed in vacuo to give 619 mg (91% yield) of the dichloride bridged 
dimer 3 as a yellow solid. This was used without further purification. 
The dichloride bridged dimer (977 mg, 0.90 mmol) and 2.09 g (1.80 mmol) of 2 were then 
combined with 313 mg (1.35 mmol) of Ag,O in 80 mL of ethoxyethanol and heated to 80 OC 
under Ar overnight. After cooling to ambient temperature, the solvent was removed in vacuo. 
200 mL of CH,C12 was added to the residue and this solution was washed with water (2 x 100 
mL) and brine (1 x 200 mL). The organic layer was dried over anhydrous Na2S04, filtered, and 
dried in vacuo. The residue was purified by column chromatography (SiO,, 1:2 hexanes:CH,Cl,) 
to yield 1.96 g (65% yield) of the desired product. 'H NMR (300 MHz, CDCI,): 6 9.16 (s, lH), 
7.88 (d, IH), 7.78 (s, lH), 7.38 (d, lH), 7.2-7.3 (m, 5H), 6.63 (s, lH), 4.2-4.0 (m, 12H), 1.9-1.7 
(m, 12H), 1.6-1.2 (m), 0.88 (m, 18H). ',c NMR (125 MHz, CDCl,): 6 178.3, 177.3, 166.2, 
153.2, 148.3, 142.7, 141.2, 141.1, 140.6, 134.1, 133.2, 133.1, 126.5, 124.7, 124.4, 119.4, 116.2, 
105.9, 105.7,95.8,73.7,69.4,69.3,32.2,32.2,30.7,30.3,30.0,30.0,29.9,29.9,29.8,29.8,29.7, 
29.7, 29.6, 29.6, 29.5, 26.5, 26.4, 23.0, 22.9, 14.4. MS (MALDI-TOF) calcd. for 
&H,,,Br2NO8Pt (M+H)+, 1665.8; found, 1666.0. 
5-Dodec-l-ynyl-2-(4-dodec-l-ynyl-phenyl)-pyridine: A m i x t u r e  of  4 , 4  ' - 
dibromophenylpyridine (939 mg, 3.00 mmol), 1-dodecyne (1.50 g, 9.02 mmol), 
dichlorobis(tripheny1phosphine)palladium (11) (120 mg, 0.17 1 mmol) and CuI (29.0 mg, 0.152 
mmol) were combined in 15 mL triethylamine and heated to reflux under Ar for 2 days. Upon 
cooling the flask to ambient temperature, the solvent was removed in vacuo. The residue was 
combined with 100 mL water, followed by extraction with CH2C12 (3 x 50 mL). The organic 
layers were combined, washed with water (2 x 100 mL) and brine (1 x 100 mL), dried over 
MgSO,, filtered and the solvent was removed in vacuo. The residue was purified by column 
chromatography (Si02, 2: 1 hexanes:CH2Cl,) to give 1.23 g (85% yield) of the desired product. 
'H NMR (300 MHz, CDCl,): 6 8.67 (m, lH), 7.91 (m, 2H), 7.71 (dd, lH), 7.63 (dd, lH), 7.48 
(m, 2H), 2.43 (m, 4H), 1.61 (m, 4H), 1.46 (m, 4H), 1.28 (m, 28H), 0.88 (t, 6H). HRMS calcd. 
for G,H19N (M+H)', 484.393 8; found, 484.393 8. 
4,4'-didodecylphenylpyridine: A mixture of 5-dodec- 1 -ynyl-2-(4-dodec- 1 -ynyl-pheny1)- 
pyridine (1.23 g, 2.54 mmol) and 5% Pd on carbon (1.03 g) in 35 mL of ethyl acetate was 
reacted in a hydrogenator under 45 psi H2 for 8 hours. The mixture was the filtered through 
Celite 545 and the solid was washed with 100 mL of CH2C12. The filtrate and wash were 
combined, and the solvent was removed in vacuo. The residue was purified by column 
chromatography (SiO,, 2: 1 hexanes:CH,Cl,) to give 1.0 g of the desired product. 'H NMR (300 
MHz, CDCI,): 6 8.48 (d, 1H),7.88 (m, 2H),7.61 (d, 1H),7.51 (dd, lH),7.26(d, 2H),2.63 (q, 
4H), 1.64 (m, 4H), 1.4 1.2 (m, 36H), 0.88 (t, 6H). 13c NMR (75 MHz, CDC1,) 6 14.33, 22.90, 
29.39,29.52,29.57,29.66,29.74,29.79,29.82,29.86,29.88,31.39,31.62,32.14, 32.90, 120.00, 
126.74, 128.98, 136.29, 136.72, 137.05, 143.76, 149.88, 155.26. HRMS calcd. for C3,HI,N 
(M+H)', 492.4564; found, 492.4554. 
Complex 5: To a mixture of complex 4 (94.0 mg, 0.056 mmol), 9,9-dioctylfluorene-2-boronic 
acid and Pd(PPh,), (6.5 mg, 0.0056 mmol) in 1 mL toluene were added 1 mL of 2.0 M K2C03 
and ~liquat@' 336 (3 drops), followed by introduction of nitrogen gas through a needle for 3 
hours. Then, the mixture was vigorously stirred at 90 "C for 24 hours. Upon cooling, the 
aqueous phase was pipetted out and the organic phase was poured into CH,Cl, (50 mL). This 
was washed with water (2 x 50 mL) and brine (1 x 50 mL). The organics were dried over 
MgSO,, filtered, and solvent was removed in vacuo. The crude product was purified by column 
chromatography twice (Si02,3:2 hexanes:CH,Cl,; followed by Si02,8: 1 hexanes:EtOAc) to give 
48.0 mg (37% yield) of desired product. 'H NMR (300 MHz, CDCI,): 6 9.51 (d, lH), 8.10 (m, 
2H), 7.8-7.3 (m, 21H), 6.61 (s, lH), 4.1-3.9 (m, 12H), 2.0 (m, 8H), 1.8-1.0 (m), 0.9-0.8 (m, 
30H). 13C NMR (125 MHz, CDCI,): 6 179.8, 178.8, 166.4, 153.4, 153.3, 152.4, 151.3, 151.2, 
151.1, 146.1, 143.9, 142.9, 142.1, 141.2, 141.0, 141.0, 140.7, 140.2, 139.4, 135.7, 135.5, 135.4, 
134.6, 127.9, 127.2, 127.0, 126.4, 125.6, 123.3, 123.2, 123.0, 122.0, 121.5, 120.6, 120.3, 120.0, 
119.9, 118.6, 106.2,106.0, 97.6, 73.7, 73.7, 69.6, 69.5, 55.5, 55.3, 40.6, 40.6, 32.2, 32.2, 32.0, 
32.0, 30.7, 30.3, 30.2, 30.0, 29.9, 29.9, 29.8, 29.8, 29.7, 29.7, 29.6, 29.6, 29.5, 29.5, 29.5, 29.4, 
26.5, 26.4, 26.4, 24.1, 24.1, 22.9, 22.8, 14.4, 14.3, 14.3. MS (MALDI-TOF) calcd. for 
Cl,H2,9N08Pt (M'), 2285.64; found, 2285.59. 
Complex 6: The dichloride bridged platinum dimer complex synthesized from phenylpyridine 
and K,PtCl, (193 mg, 0.251 mmol) was reacted with p-ketonate ligand 2 (582 mg, 0.50 mmol) 
and Ag,O (90 mg, 0.386 mmol) in 20 mL ethoxyethanol as described for the synthesis of 
complex 4. The crude product was purified by column chromatography (SiO,, 1:2 
hexanes:CH,Cl,). The product was then further purified by precipitation into 20 mL MeOH and 
collection by centrifugation. It was precipitated a total of three times to give 430 mg of the 
desired product (57% yield). 'H NMR (300 MHz, CDC1,): 6 9.12 (m, lH), 7.82 (m, lH), 7.76 
(dd, lH), 7.67 (d, lH), 7.50 (dd, lH), 7.28 (s, 2H), 7.3-7.2 (m, 3H), 7.2-7.1 (m, 2H), 6.55 (s, lH), 
4.3-4.0 (m, 12H), 1.9-1.7 (m, 12H), 1.6-1.4 (m, 12H), 1.4-1.2 (m), 0.9-0.7 (m, 18H). 13c NMR 
(125 MHz, CDC1,): 6 179.9, 178.5, 153.2, 153.1, 147.3, 145.0, 141.2, 141.0, 139.4, 138.4, 135.8, 
134.5, 130.9, 129.4, 123.9, 123.4, 121.4, 118.7, 106.3, 106.2, 97.4, 73.7, 73.7, 69.7, 69.6, 32.2, 
32.1, 30.6, 30.0, 30.0,29.9, 29.8, 29.8, 29.7, 29.6, 29.6, 26.4, 29.4,26.3, 22.9, 22.9, 14.3. MS 
(MALDI-TOF) calcd. for C=Hl,NO8Pt (M'), 1509.0; found, 1509.0. 
Complex 7: To a solution of K,PtCl, (623 mg, 1.50 mmol) in water (7.5 mL) were added 5-(1- 
dodecyl) -2-[(1 -dodecyl)phenyl]pyridine (1.48 g, 3 .O1 mmol) and EtOCH,CH,OH (30 mL). 
Then, the mixture was heated at 120 "C for 24 h under Ar. After cooling, the solvent was 
removed on a rotary evaporator, and the residue was subjected to water-CH,Cl, extraction (150 
mLll5O mL). The organic phase was washed with water (150 mL x 2) and sat. brine (150 mL), 
and dried over anhydrous MgSO,. The solvent was removed by evaporation, and the residue was 
purified by silica gel column chromatography (hexanelEtOAc, 811, vlv) to afford the 
intermediate complex pictured below (1.42 g, 1.17 mmol, 78%); 'H NMR (300 MHz, CDCl,) 6 
0.85-0.90 (m, 12H), 1.25-1.30 (m, 72H), 1.42 (m, 2H), 1.50-1.72 (m, 6H), 2.35 (t, J  = 7.2 HZ, 
2H), 2.49-2.68 (m, 6H), 5.92 (d, J  = 1.4 Hz, lH), 6.77 (dd, J  = 1.7 and 8.0 Hz, lH), 7.11 (d, J  = 
8.2 Hz, 2H), 7.18 (d, J  = 8.0 Hz, lH), 7.38 (d, J =  8.0 Hz, IH), 7.52 (d, J  = 8.2 Hz, 2H), 7.71 (dd, 
J  = 2.0 and 8.0 Hz, lH), 8.01 (d, J  = 8.2 Hz, 2H), 9.09 (d, J  = 1.7 Hz, lH), 9.41 (d, J  = 1.7 Hz, 
1H); MALDI-TOF Calcd for C 7 0 ~ l , 3 ~ , 1 9 5 ~ t  ([M - Cl]): 1 176.9. Found: 1 176.0, 1 177.0, 1 178.0, 
1179.0, 1180.0 (multiple); Elemental Analysis: Calcd for c ~ ~ H , , , N , ~ ~ ~ P ~ c ~ :  C; 69.30, H; 9.39, N; 
2.3 1. Found: C; 69.3 1, H; 9.20, N; 2.30. 
This material was reacted with P-ketonate ligand 2 as described for complex 6. The yield 
was 192 mg (35% yield) after purification by column chromatography (SiO,, 1 : l  
hexanes:CH,Cl,). 'H NMR (300 MHz, CDCl,): 6 8.92 (d, lH), 7.65-7.25 (m, 8H), 6.93 (dd, lH), 
6.60 (s, lH), 4.2-4.0 (m, 12H), 2.63 (t, 4H), 1.9- 1.2 (m), 0.9 (m, 24H). 13c NMR (125 MHz, 
CDCI,) 6 179.3, 178.3, 166.2, 153.3, 153.2, 146.9, 144.1, 142.8, 141.1, 140.9, 138.5, 138.3, 
26.3, 22.9, 22.9, 14.3. MS (MALDI-TOF) calcd. for C,,,H1,NO8Pt (M'), 1845.39; found, 
P I :  To a mixture of monomer 4 (84.1 mg, 0.0504 mmol) and 9,9-dioctylfluorene-2,7- 
bis(trimethy1eneborate) (28.2 mg, 0.0505 mmol) and Pd(PPh,), (6.9 mg, 0.0050 mmol) in 1.25 
mL toluene was added 1.25 mL of a 2.0 M aqueous solution of potassium carbonate and 3 drops 
of ~ l i q u a t @  336. This was subjected to Ar bubbling, and then heated at 80 'C with vigorous 
stirring under Ar for 3 days. Upon cooling, the mixture was poured into 50 mL CH2C12 and 
washed with 50 mL water. The aqueous phase was thoroughly extracted with CH2C12 (3 x 30 
mL). The organic layers were combined, washed with brine (3 x 100 mL), dried over MgSO,, 
filtered, and the solvent was removed in vacuo. The residue was dissolved in ca. 3 mL of THF 
and precipitated into a 2:l (vlv) mixture of MeOHlacetone. The precipitate was collected by 
centrifugation. This precipitation was repeated again. 47 mg of polymer was isolated. GPC 
analysis: Mn = 12,000 glmol; Mw = 3 1,000; PDI = 2.6. 
Ligand  9 b : 2-bromopyridine (1.48 g, 0.89 mL, 9.4 mmol), 2-methyl-5- 
(tributylstanny1)thiophene (4.0 g, 10.3 mmol), Pd(PPh,), (0.54 g, 0.47 mmol) and CsF (3.12 g, 
20.6 mmol) were weighed into a Schlenk tube and 60 mL of dioxane was added. The reaction 
mixture was sparged for 15 minutes with argon. The reaction mixture was heated at 100 OC for 
36 hours. The reaction mixture was cooled down and was passed through a silica gel plug to 
remove the solids. The silica plug was eluted with 250 mL of ethyl acetate. The combined 
organic fractions were evaporated to yield an oily residue, which was chromatographed on silica 
gel with dichloromethanelhexane (2:l vlv) as the eluent to yield 1.59 g (97%) of 9 b  as a white 
solid. 'H NMR (500 MHz, CDCl,): 6 8.53 (d, lH), 7.64 (t, lH), 7.58 (d, lH), 7.38 (d, lH), 7.10 
(t, lH), 6.76 (d, lH), 2.53 (s, 3H). 13c NMR (125 MHz, CDCl,) 6 153.0, 149.6, 142.7, 137.7, 
126.5, 124.8, 122.6, 118.5, 15.9. HRMS calcd. for Cl0H,,NS (M+H)', 176.0529; found, 
176.0530. mp = 77-78 "C. 
Ligand 9c: The experimental procedure was the same as for 9b. 2-bromopyridine (1.63 g, 0.98 
mL, 10. mmol), 2-methoxy-5-(tributy1stannyl)thiophene (6.0 g, 15 mmol), Pd(PPh,), (0.60 g, 
0.51 mmol), CsF (3.4 g, 23 mmol). Yield was 1.82 g (93%) using DCMIhexane (2:l vlv) as the 
eluent. 'H NMR (500 MHz, CDC1,) 6 8.5 1 (d, lH), 7.63 (t, 1 H), 7.55 (d, lH), 7.26 (d, 1 H), 7.08 
(t, lH), 6.24 (s, lH), 3.97 (s, 2H). 13c NMR (125 MHz, CDCl,) 8 168.7, 153.1, 149.5, 136.5, 
130.8, 122.9, 121.1, 117.6, 105.2, 60.3. HRMS calc. for CloHloNOS (M)', 192.0478; found, 
192.0478. mp = 45-46 "C. 
Ligand 9d: 2-bromo-4-methylpyridine (1.5 g, 0.97 mL, 8.7 mmol), 2-(tributylstanny1)thiophene 
(3.9 g, 3.3 mL, 10. mmol), Pd(PPh,), (0.50 g, 0.43 mmol), CsF (1.52 g, 10 mmol). Yield was 
1.04 g (68%) using DCMIhexane (3: 1 vlv) as the eluent. 'H NMR (500 MHz, CDC1,) 6 8.43 9d, 
lH), 7.57 (d, lH), 7.48 (s, lH), 7.11 (d, lH), 6.97 (d, lH), 2.38 (s, 3H). ',c NMR (125 MHz, 
CDC1,) 6 152.3, 149.4, 147.9, 145.1, 128.1, 127.5, 124.4, 123.2, 119.8, 21.3. HRMS calc. for 
CloH9NS (M)', 175.0450; found, 175.0445. mp = 39-41 "C. 
Ligand 9e: 2-bromo-5-methylpyridine (1.7 g, 10. mmol), 2-(tributylstanny1)thiophene (3.7 g, 10. 
mmol), Pd(PPh,), (0.1 g, 0.2 mmol), CsF (2.9 g, 19 mmol). Yield was 500. mg (29%) using 
DCMlhexane (2:l vlv) and after 2 recrystallizations from hexanes at -78 "C. 'H NMR (300 
MHz, CDCl,) 6 8.37 (s, lH), 7.45 (m, 3H), 7.33 (d, lH), 7.07 (t, lH), 2.30 (s, 3H). 13c NMR 
(75 MHz, CDCl,) 6 150.0, 149.8, 145.0, 137.3, 131.6, 128.0, 126.9, 123.9, 118.4, 18.3.. HRMS 
calc. for Cl0H9NS (M'), 175.0450; found, 175.0448. mp = 61 -63 "C. 
Ligand 9f: 2-bromo-6-methylpyridine (1.15 g, 1.0 mL, 6.69 mmol), 2-  
(tributylstanny1)thiophene (2.5 g, 2.12 mL, 6.69 mmol), Pd(PPh,), (0.386 g, 0.33 mmol), CsF 
(1.52g, 10 mmol). Yield was 1.04 g (96%) using DCMlhexane (2: 1 vlv) as the eluent. 'H NMR 
(300 MHz, CDC1,) 6 7.58 (m, 2H), 7.44 (d, lH), 7.37 (d, lH), 7.11 (t, lH), 6.98 (d, lH), 2.59 (s, 
3H). 13~NMR(75MHz,CDC1,)8158.4,151.9,145.3,136.8, 128.0,127.3, 124.4,121.5, 115.9, 
24.6. HRMS calc. for Cl0H,,NS (M+H)', 176.0529; found, 176.0530. mp = 38-39 "C. 
Ligand 10a: A 50 mL Schlenk tube was charged with 2.14 g (12 mmol) of thianapthene-2- 
boronic acid, 0.10 g Pd(PPh,), (0.1 mmol). 20 mL dimethoxyethane and 5 mL 2M aqueous 
sodium carbonate were added, and the tube was purged with argon gas with 5 evacuatelrefill 
cycles. 1.58 g (10. mmol) of Zbromo-pyridine was added as a neat liquid. The tube was sealed 
and heated at 90 "C with very vigorous stirring for 2 days. Upon cooling to ambient 
temperature, the organics were extracted into DCM (3 x 50 mL) from 50 mL water. The 
combined organics were washed with water (1 x 50 mL) and brine (1 x 50 mL), dried over 
magnesium sulfate, filtered and dried in vacuo. The crude product was pre-adsorbed onto silica 
gel and chromatographed (silica gel, 2:l  DCMlhexanes) to give 1.15 g (55%) of 10a as a 
colorless powder. 'H NMR (300 MHz, CDC1,) 6 8.65 (m, lH), 7.8-7.9 (m, 4H), 7.75 (td, lH), 
7.37 (m, 2H), 7.22 (m, 1H). 13C NMR (125 MHz, CDCl,) 6 152.7, 149.9, 145.0, 140.8, 140.6, 
136.8, 125.2, 124.7, 124.3, 122.8, 122.8, 121.3, 119.8. HRMS calc. for C13H,,NS (M+H)+, 
212.0529; found, 212.0534. mp = 125-126 "C. 
Ligand lob:  A 50 mL Schlenk tube was charged with 2.14 g (12 mmol) of thianapthene-2- 
boronic acid, 0.10 g Pd(PPh,), (0.1 mmol). 20 mL dimethoxyethane and 5 mL 2M aqueous 
sodium carbonate were added, and the tube was purged with argon gas with 5 evacuatelrefill 
cycles. 1.72 g (10. mmol) of 2-bromo-6-methylpyridine was added as a neat liquid. The tube 
was sealed and heated at 90 OC with very vigorous stirring for 2 days. Upon cooling to ambient 
temperature, the organics were extracted into DCM (3 x 50 mL) from 50 mL water. The 
combined organics were washed with water (1 x 50 mL) and brine (1 x 50 mL), dried over 
magnesium sulfate, filtered and dried in vacuo. The crude product was pre-adsorbed onto silica 
gel and chromatographed (silica gel, hexanes to 1: 1 DCMlhexanes gradient elution) to give 1.15 
g (51%) of lob as a colorless powder. 'H NMR (300 MHz, CDC1,) 6 7.8-7.9 (m, 3H), 7.60 (m, 
2H), 7.47 (m, 2H), 7.07 (m, lH),  2.64 (s, 3H). 13c NMR (75 MHz, CDC1,) 
6 158.7, 151.9, 145.4, 140.7, 140.7, 136.9, 125.0, 124.5, 124.2, 122.7, 122.4, 121.0, 116.8, 24.7. 
HRMS calc. for Cl,H12NS (M+H)', 226.0685; found, 212.0676. mp = 116-1 17 "C. 
Complex lla: A solution of trans-PtC1,(Et2S), (0.5 g, 1.12 mmol) in diethyl ether and THF was 
added dropwise to a stirred solution of 4-(2-(2-thieny1)pyridinyl)lithium [from 2-thienylpyridine 
(0.9g, 5.6mmol) and 1.6 M t-Buli (6.56 mL, 11.2 mmol) in ether at -78 "C] in ether at -78 "C. 
After the solution was stirred for 30 min at -78"C, the temperature was allowed to rise slowly to 
0 "C. The reaction mixture was hydrolyzed (H,O) at 0 "C. The organic phase was washed with 
NaCl solution and the aqueous phase extracted with DCM. The combined extracts were dried 
(MgSO,). The organic layer was evaporated to yield a red oily residue. The residue was 
chromatographed on silica gel with DCM:hexane(3:2) as the eluent to give 0.30 g (52%) of lla 
as a red solid. 
Complex llb: trans-PtCl,(EkS), (0.50 g, 1.1 mmol) in diethyl ether and THF was added 
dropwise to a stirred solution of lithiated 9b [from 9b (0.91 g, 5.6 mmol) and 1.6 M t-Buli (6.6 
ml, 11 mmol) at -78 "C]. Chromatography on silica gel (2: 1 DCMIhexanes) gave 0.31 g of llb 
(51%). 'H NMR (500 MHz, CDCl,): 6 8.57 (d, 2H), 7.70 (t, 2H), 7.33 (m, 4H), 7.05 (t, 2H), 
2.63 (s, 6H). 13C NMR (125 MHz, CDCI,): 6 162.1, 149.2, 147.8, 143.9, 140.3, 138.7, 134.7, 
119.0, 117.6, 16.1. HRMS calc. for C20Hl,N2PtS2 (M)', 543.0392; found, 543.0384. mp >290°C 
(dec.). 
Complex llc: trans-PtCl,(Et$), (0.50 g, 1.1 mmol) in diethyl ether and THF was added 
dropwise to a stirred solution of lithiated 9c [from ligand 9c (1.06 g, 5.6 mmol) and 1.6 M t-BuLi 
(6.58mL, 1 1.2mmol) at -78 "C]. Chromatography on silica gel (2: 1 DCMlhexane) gave 0.36 g 
of llc (56%). 'H NMR (500 MHz, CDCI,): 6 8.49 (d, 2H), 7.67 (t, 2H), 7.20 (d, 2H), 7.00 (t, 
2H), 6.77 (s, 2H), 4.01 (s, 6H). ',c NMR (125 MHz, CDCl,): 6 170.3, 162.8, 149.3, 147.8, 
138.7, 1 18.1, 1 16.4, 1 13.2, 60.7. HRMS calc. for C2JI1602N2PtS2 (M)', 575.0290; found, 
543.03 12. mp > 170°C (dec.). 
Complex l ld:  trans-PtCl,(Et$S), (0.22 g, 0.50 mmol) in diethylether and THF was added 
dropwise to a stirred solution of lithiated 9d [from ligand 9d (0.35 g, 2.0 mmol) and 1.6 M t- 
BuLi (2.5 mL, 4.0 mmol) at -78 "C]. Chromatography on silica gel (2:l DCMIhexane) gave 
0.03 g of l l d  (12%). 'H NMR (500 MHz, CDCl,): 6 8.45 (d, 2H), 7.68 (d, 2H), 7.44 (d, 2H), 
7.27 (s, 2H), 6.91 (d, 2H), 2.38 (s, 6H). 13C NMR (125 MHz, CDCl,): 6 161.5, 160.6, 147.3, 
147.2, 142.6, 135.7, 127.6, 121.0, 118.7, 21.6. HRMS calc. for C20H16N2PtS2 (M)', 543.0392; 
found, 543.0403. mp > 240°C (dec.). 
Complex l le :  trans-PtCl,(EGS), (0.22 g, 0.50 mmol) in diethylether and THF was added 
dropwise to a stirred solution of lithiated 9e [from ligand 9e (0.35 g, 2.0 mmol) and 1.6 M t-Buli 
(2.5 mL, 4.0 mmol) at -78 "C]. Chromatography on silica gel (2: 1 DCM Ihexane) gave 0.11 g of 
l l e  (40%). 'H NMR (500 MHz, CDCI,): 6 8.47 (s, 2H), 7.68 (d, 2H), 7.60 (d, 2H), 7.42 (m, 
4H), 2.41 (s, 6H). 13C NMR (125 MHz, CDCI,): 6 159.5, 147.9, 146.0, 139.5, 135.7, 129.5, 
127.2, 117.7, 18.6. HRMS calc. for C2H16N2PtS2 (M)', 543.0392; found, 543.0397. mp > 
280°C (dec.). 
Complex I lk  trans-PtCl,(Et$), (0.28 g, 0.64 mmol) in diethylether and THF was added 
dropwise to a stirred solution of lithiated 9f [from ligand 9f (0.45 g, 2.5 mmol) and 1.6 M t-Buli 
(3.2 mL, 5.1 mmol) at -78 "C]. Chromatography on silica gel (2: 1 DCMIhexane) gave 0.1 1 g of 
l l f  (32%). 'H NMR (500 MHz, CDCI,): 6 7.65 (d, 2H), 7.56 (t, 2H), 7.40 (d, 2H), 7.26 (d, 2H), 
6.91 (d, 2H), 2.61 (s, 6H). 13c NMR (125 MHz, CDCI,): 6 161.2, 160.1, 146.3, 142.9, 138.5, 
135.1, 127.5, 119.9, 114.6,25.5. HRMS calc. for C,H,,N,PtS, (M)', 543.0392; found, 543.0400. 
mp > 190°C (dec.). 
Complex 12a:A solution of trans-PtCl,(Et$), (0.25 g, 0.55 mmol) in diethylether and THF was 
added dropwise to a stirred solution of lithiated 10a [from ligand 10a (0.50 g, 2.2 mmol) and 1.7 
M n-BuLi (1.7 mL, 2.2 mmol) in THF at -50°C] in THF at -78°C. After the solution was stirred 
for 30 min at -78OC, the temperature was allowed to rise slowly to O°C. The reaction mixture 
was hydrolyzed (H,O) at O°C. The organic phase was washed with NaCl solution and the 
aqueous phase extracted with DCM. The combined extracts were dried (MgSO,). The organic 
layer was evaporated to yield a red oily residue. The residue was chromatographed on silica gel 
with 2: 1 DCMIhexane as the eluent to give 0.16 g (48%) of 12a. 'H NMR (500 MHz, CDCI,): 
8 8.77 (d, 2H), 7.94 (td, 2H), 7.85 (d, 2H), 7.65 (m, 4H), 7.27 (td, 2H), 7.23 (td, 2H), 6.92 (td, 
2H). 13c NMR (125 MHz, CDCl,): 6 147.7, 138.7, 131.3, 125.6, 123.3, 122.3, 121.0, 119.6. 
HRMS calc. for C,,H,,N,PtS, (M)', 615.0393; found, 615.0420. mp > 280°C (dec.). 
Complex 13: K,PtCl, (1.0 g, 2.4 mmol) and Zphenylpyridine (0.68 mL, 4.8 mmol) in a 3:l 
mixture of 2-ethoxyethanol (45mL) and water (15mL) was heated under argon for 16 hours at 
80°C. The reaction mixture was cooled down and poured into 200 mL water to yield a yellow 
precipitate. The precipitate was filtered, extracted with DCM and dried over Na,SO,. The 
organic layer was evaporated to yield the 1.27 g (69%) Pt(I1) p-dichloro-bridged dimer as a 
yellow powder. 
The Pt(I1) p-dichloro-bridged dimer (1.25 g, 1.62 mmol) and EbS (5.0 mL, 46 mmol) in 
dry chloroform was stirred at 50 "C for 12 hours. The reaction mixture was cooled down and 
evaporated to yield an oily yellow residue. The yellow residue was chromatographed on silica 
gel with dichloromethane to yield 0.56 g (72%) of PtCl(phpy)(Et,S) as a yellow powder. 
A solution of lithiated 9a [from 2-thienylpyridine (0.084g, 0.526mmol) and 1.6 M t-Buli 
(0.65 mL, 1.1 mmol) in ether at -78 "C] in ether at -78 "C was added dropwise to a stirred 
solution of PtCl(phpy)(Et,S) (0.250g, 0.526 mmol) in diethylether and THF at -78 "C. After the 
solution was stirred for 30 min at -78 "C, the temperature was allowed to rise slowly to 0 "C. 
The reaction mixture was hydrolyzed (H20) at 0 "C. The organic phase was washed with NaCl 
solution and the aqueous phase extracted with DCM. The combined extracts were dried 
(MgSO,) and evaporated to yield a red oily residue. The residue was chromatographed on silica 
gel using DCMIhexane (3:2) as the eluent to give 0.125 g (47%) of 13 as a red powder. HRMS 
calc. for C,H,,N,PtS (M)', 509.0516; found, 509.0503. mp > 160°C (dec.). 
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Chapter 5 
Improved Iptycene Synthesis and Poly(iptycene) Alignment 
Reproduced in part with permission from: 
Thomas, S. W., 111; Long, T. M.; Pate, B. D.; Klein, S. R.; Thomas, E. L.; Swager, T. M. 
J. Am. Chem. Soc. 2005,127, 17976-17977. Copyright [2005] American Chemical Society. 
AND 
Chen, 2.; Amara, J. P.; Thomas, S. W., 111; Swager, T. M. 
Macromolecules 2006,39,3202. Copyright [2006] American Chemical Society 
Figure 5.7 is reprinted with permission from reference 12a. Copyright 2002 American Chemical Society 
5.1 Introduction 
Iptycenes are a general class of organic structures that contain the rigid carbon 
framework of a benzo-fused [2.2.2] bicyclic ring system. The simplest 
member of this family, triptycene (9,lO-o-benzenoanthracene), is A 
pictured in Figure 5.1. Bartlett reported the first synthesis of 
triptycene in 1942 via a seven-step procedure beginning with a 
cycloaddition between benzoquinone and anthracene.' The purpose of Figure 5.1. Triptycene 
this initial triptycene synthesis was to demonstrate the decreased stability of the triptycene 
bridgehead radical relative to the triphenylmethyl radical because of its inability to form a 
coplanar structure. 
The use of benzyne (e.g. from anthranilic acid or 2-bromofluorobenzene) as a dieneophile 
in a cycloaddition reaction with anthracene allowed for the convenient one-step synthesis of 
tripty~ene.~ Figure 5.2 summarizes these early syntheses of triptycene. The synthesis of 
triptycene by this route even became the benchmark for testing the potential of other benzyne 
precursors. During this time it was recognized that iptycenes had both high melting points and 
extraordinary thermal ~tability.~ 
Figure 5.2. Lefr: Barlett 1942 synthesis of triptycene; Right: 1-step synthesis using benzyne. 
This use of benzyne, or readily converted equivalents thereof, has been a consistent 
theme throughout the more recent developments in iptycene synthesis, pioneered by Professor 
Harold Hart in the 1980s and 1990s. His laboratory developed many of the important synthons 
RLi \ 
Figure 5.3. Common reaction pathways for iptycene synthesis 
and reactions that can be used to make extended and elaborated iptycenes. This includes using 
1,2,4,5-tetrabromobenzene selectively as a mono- or dibenzyne precursor as well as the use of 
benzyelfuran Diels-Alder adducts as extended aryne (especially 2,3-anthracyne) equivalents. 
Figure 5.3 illustrates some of the t I 
most common reaction sequences .". 
used by Hart, as well as others, to & - 
readily synthes ize  ip tycene 
frameworks, including the 14-epoxy 
cycloadditionidehydration sequence 
(top) and the tautomerization- 
alkylation of the diketone product of a 1 
Figure 5.4. Left: Examples of side-on view diagrams. 
cycloaddition between a quinone and Right: Some extended iptycenes synthesized by Hart. 
anthracene (middle).4 Some of the extended iptycene structures synthesized using these methods 
are pictured from a side-on perspective in Figure 5.4. Hart also successfully synthesized the 4, 
symmetric molecule "supertriptycene", in which each of the three arene rings of triptycene are 
substituted with two additional iptycene units for a total of seven bicyclic ring systems in one 
Iptycenes have been used as a structural element in organic molecules for a variety of 
reasons besides their impressive thermal stability. Their three dimensional structure imparts 
other unique features to molecules and materials that contain them. Polyesters that contain a 
small percentage of pendant iptycene groups have been shown to have improved mechanical 
strength over similar materials that contain no ip ty~enes .~  This A ,OMe 
has been attributed to the difficulty interlocking iptycenes 
would experience in slipping by each other upon stretching. 
The unique iptycene framework has also been applied to 
.t. l OMe 
other interesting chemical systems. The "molecular brake" 
designed and synthesized by Kelly involved metal coordination A ..!!Me 
of a bipyridyl substituent on an iptycene to prevent rotation 
around the arene-bridgehead carbon-carbon bond (Figure 5.5).7 
The triptycene unit has also been central in other "molecular Figure 
brake, based on a triptycene 
machine" designs, including a ratchet, also synthesized by moiety, becomes engaged 
upon metal complexation. 
Kelly's group.8 
Iptycenes have also been used to study through-space interactions between the n-systems 
that make up the different "wings" of the bicyclic ~ y s t e m . ~  This effect is most pronounced when 
one of the rings is a strongly electron-accepting quinone. For instance, the molecule illustrated 
in Figure 5.6 has a long-wavelength charge-transfer transition that 
gives it a characteristic purple color both in solution and as a 
solid. 
been 
This type of through-space interaction in iptycenes has also 
used by the Swager group to modulate the sensing 
Acceptor 
characteristics of conjugated polymers toward electron-rich 
analytes. lo 
Figure 5.6. Through- 
space interactions make 
this iptycene purple. 
In the last eight years the Swager group has taken advantage of the unique properties 
presented by the iptycene framework for a variety of applications. Many of these focus on the 
iptycene's non-compliant structure and built-in "internal free volume" defined by its arene rings. 
The combination of nano-porosity and thermal stability makes iptycene-containing polymers 
good candidates for a new generation of low-K dielectric 
Figure 
materials." This is an important goal in order to prevent 
cross talk between the increasingly small feature sizes on 
computer microchips. In addition, the internal free volume 
of the iptycene unit has been exploited to improve the 
alignment of both commonly used fluorescent dyes and 
5.7. Conceptual conjugated polymers in nematic liquid crystals.12 Also, 
illustration of the alignment of a 
nematic liquid crystal relative to conjugated polymers with iptycene-containing side chains 
a substituted iptycene. have been shown to increase their conjugation lengths and 
energy transfer abilities when dissolved in nematic liquid crystals.13 
The iptycene group has also been central in the development of ultrasensitive fluorescent 
materials for the detection of explosives. Highly planar conjugated polymers have the tendency 
to aggregate in the solid state, which greatly decreases their thin film emission intensity and also 
results in inconsistent solid-state photophysical properties.14 The inclusion of the rigid, 
noncompliant iptycene groups as side chains along a conjugated polymer backbone prevents n- 
stacking of the polymer chains, thereby preserving the high fluorescence quantum yield of the 
material and giving a more reliable material for trinitrotoluene (TNT) and 2,4-dinitrotoluene 
(DNT) detection.'' Materials incorporating iptycene groups have also proven to be more 
sensitive to nitroaromatics. This is attributed to the enhanced diffusion of analytes deeper into 
the polymer film, caused by the increased free volume that the iptycenes create within films of 
these materials. 
Iptycenes are both interesting from the standpoint of studying fundamental physical 
organic chemistry and are also extremely useful in the field of organic materials for a host of 
potential applications. These include liquid crystals displays, improved materials for electronics, 
materials with enhanced mechanical strength, and chemical detection. Therefore, the exploration 
of new iptycene-containing structures and the synthesis thereof is an important endeavor towards 
the improvement of these materials. 
5.2 Improved Reaction Conditions for the Dehydration Route to Iptycenes 
Given all of the current and future potential uses of iptycenes in organic materials, it 
would be highly beneficial to develop molecules and materials that use iptycenes in new ways or 
to a greater extent than previously demonstrated. This could include small molecules that 
contain multiple iptycene groups or polymers the main chains of which contain iptycenes. 
Installing multiple iptycenes on the same molecule during the same chemical reaction using 
benzyne (or larger arynes) is challenging because of its instability? Therefore, aryne 
equivalents can be used in cycloaddtion reactions with linear acenes (e.g. anthracene) and 
subsequently transformed into the iptycene moiety. The 1,Cepoxy dieneophile Diels- 
Alderldehydration reaction sequence (top sequence of Fig. 5.3) is a very promising route for the 
synthesis of these molecules and polymers, due to the simple preparation of the furan-benzyne 
Diels-Alder adducts from bromo- or dibrom~benzenes."'~ Figure 5.8 illustrates a retrosynthetic 
analysis of a simple poly(iptycene) using this scheme. 
Figure 5.8. Retrosynthetic analysis of a simple poly(iptycene) using the 1,4-epoxy 
cycloaddition/dehydration reaction sequence. 
Published reaction conditions (HCl in ethanol or acetic anhydrider for the dehydration 
reaction necessary for this scheme to be effective, however, lead to decomposition and 
generation of a significant percentage of the original diene (e.g. anthracene) along with the 
desired product. For synthetic routes where only one iptycene on a molecule has to be installed 
by this method this could be an acceptable, albeit not optimal, outcome. If, however, the goal is 
to simultaneously install multiple iptycene groups, a 50% rate of cleavage of each bicyclic ring 
system would lead to very low theoretical yields. This is especially unacceptable for the 
preparation of poly(iptycenes), in which case the removal of impurities in the crude reactions 
mixture by methods such as column chromatography is not an option. Therefore, the 
development of dehydration conditions under which the fragmentation of the bicyclic ring 
system is minimized could enable the simple and effecient preparation of molecules, including 
polymers, which contain multiple iptycene groups. 
A likely arrow-pushing mechanism for the acid-induced dehydration reaction for iptycene 
synthesis is illustrated in Figure 5.9. The critical stage is probably the third step, during which 
Cleavage of 
;fBridged Ring 
System 
Figure 5.9. Probable initial steps in the mechanism of iptycene synthesis by dehydration. 
either carbon-carbon bond cleavage (pathway a, leading to decomposition) or deprotonation 
(pathway b, leading to dehydration and itpycene generation) could occur. The factors that 
govern the ratio between these two are not clear, but could include stereoelectronic effects, the 
identity of the conjugate base, the strength of the acid used, as well as the carbocationic character 
of the benzylic position. 
4, Zn \ + toluenet ( ) THF _ 8 Phli THF, furan 
n Y Br Br 53% y( 64% Br Br 7 3  Br Br 
1 2 3 
+ 
Mesitylene 
Reflux 
62% 
Scheme 5.1. Synthesis of compound DA-1 used for improvement of dehydration conditions. 
A model system was synthesized (DA-1) in order to improve the dehydration conditions 
as illustrated in Scheme 5.1 ." Monobenzyne generation from 1,2,4,5-tetrabromobenzene using 1 
equivalent of alkyllithium in toluene in the presence of furan gave the cycloadduct 1 which was 
reduced with low-valent titanium to give 2. Generation of naphthalyne, again in the presence of 
furan gave the dieneophile 3, a useful synthon for iptycene synthesis. Diels-Alder reaction with 
excess anthracene under traditional thermal conditions (-160 "C) gave the desired iptycene 
precursor DA-1. This system was chosen for study because the installation of anthracene units 
as wings of iptycenes could be useful both from a photophysical standpoint (they are strongly 
absorbing and fluorescent), as well as from a reactivity standpoint in that they could be used as 
dienes in additional cycloaddition reactions. 
To realize the goal of minimizing the ring fragmentation side reaction (path a from 
Figure 5.9), DA-1 was subjected to several different sets of conditions. Table 5.1 summarizes 
the results of these investigations. All of the reactions were performed on 10-20 mg scale and 
monitored by thin layer chromatography. The products were extracted with an aqueous workup, 
and product ratios were determined by 'H NMR spectroscopy of the crude reaction mixtures. 
Table 5.1. Summary of the product distributions of dehydration reactions of DA-1 as 
determined by 'H NMR of the crude product mixtures. 
a) As polyphosphoric acid; b) Trifluoroacetic acid 
Conditions % IPT-1 % Anthracene 
DBU, 185 "C No Reaction No Reaction 
PhOK No Reaction No Reaction 
PhOK/ 18-C-6 No Reaction No Reaction 
HCl/Ac20 40% 60% 100 "C 
H3P0," 150 OC 50% 50% 
BF3eOEh, rt 0% 100% 
TFA~ 0% 100% Several conds. 
Phenol 20% 80% 180 "C 
i 
Conditions % IPT-1 
p205 
PhCl solvent 30% 70% 
40% 60% p205 PhMe solvent 
p 2 0 5  
hexane solvent 60% 40% 
ClCH2C02H 
120 "C 0% 100% 
75% 25% PyH' -Cl 140 "C 
85% 15% PyH+ -0Ts 160 "C 
DMAP-H ' 
-OTs, 180 "C 85% 15% 
Imidazole-H' 
-OTs, 160 "C 90% 10% 
Table 5.1 presents some notable information. The reaction did not proceed whatsoever 
under basic conditions, supporting the El-type mechanism presented in Figure 5.9. The 
published conditions for effecting this transformation, refluxing concentrated aqueous 
hydrochloric acid in acetic anhydride, gave mostly the undesired anthracene byproduct. Other 
acids with p k s  less than 3, such as trifluoroacetic or chloroacetic acid, gave only anthracene. 
Phosphorus pentoxide (P203 initially showed promise, and although the solvent polarity had a 
significant impact on the product distribution, a satisfactory result was not obtained. Under P205, 
running the reaction in a less polar solvent appeared to favor the desired product, which suggests 
that intermediate for deprotonation is less polar than that for C-C bond cleavage. 
As Table 5.1 clearly summarizes, the conjugate acids of N-heterocyclic bases were 
undoubtedly the most useful reagents for achieving the desired selectivity in this reaction. These 
reactions were run in the molten salt (160-180 "C) for 24-48 hours, and NMR analysis after 
workup showed only the desired product and anthracene. The reason for the increased 
selectivity with these acids is not clear at present, but may be related to the positively charged 
nature of the acid, since neutral acids both stronger (TFA, ClCH2C0,H) and weaker (phenol) 
gave poor results. Modifications to the pK, of the hetrocyclic acids through structural 
modification (4-N(CH,),, 4-CN, 2-F, imidazolium) did not give significant improvements. 
Employing a triflate anion instead of tosylate had no effect. 
In order to test the viability of these conditions for practical use, a series of iptycene 
precursors were synthesized that contained functional groups or ring systems of interest. The 
syntheses of the 1,4-epoxy-dieneophiles used for this purpose are summarized in Scheme 5.2. 
These included benzylic alkyl groups (important for solubility), benzylic alkoxy groups 
(important for solubility and electron donation), and larger ring systems, such as phenanthrene 
and triphenylene (potentially useful for n-stacking and electrostatic matching to explosive 
molecules like TNT. 
0 OMe OM0 OMe 
::tB!f'i;k @ NaNH., t-but0J-I 
2. 100 deg c / furan, THF 
-HBr 43% overall 
OMe OMe 
B r ~ a ~ ~ 2 ,  t-butOH 
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Scheme 5.2. Syntheses of epoxy-type dieneophiles for iptycene precursors 
Several of these 1,4-epoxy compounds (6,16) have not been previously reported in the 
literature, and only one of them (11) has been reportedly used as an iptycene precurs~r.'~ All of 
the 1,4-epoxy groups were installed by a Diels-Alder reaction with benzyne that was generated 
one of two ways: either a dehydrohalogenation with sodium amide or a metal-halogen 
exchangelelimination sequence using an ortho-dibromide. Compound 6 was synthesized using 
the same reaction sequence as 3, except the para-xylene tetrabromide was used.'' The 
dimethoxy anthracyne equivalent (9) was prepared by reductive methylation of l,4- 
naphthaquinone, followed by monobromination and benzyne cycloaddition with furan." A 
phenanthrene substituted dieneophile (10) was synthesized by geminal dibromination of the 
olefin-like 9-10 double-bond, followed by thermal rearomatization by dehydrohalogenation to 
give the monobromide. Base-induced elimation to give benzyne that was trapped with furan 
gave the desired pr~duct.~' Hexaalkoxytriphenylene 14, which was readily prepared by a known 
oxidative cyclization procedurep, could be selectively dibrominated ( 15) and subsequently 
reacted as an aryne with furan to give 16. 
Table 5.2. Number scheme and dehydration 
results for iptycene precursors from Scheme 1.2. 
a: Given as the iptycene:anthracene molar ratio as determined by 'H NMR of the crude products. 
b: Used 1,4-dimethylanthracene as the diene. 
Dieneo~hile 
6 
9 
10 
11 
12b 
16 
Each of these six dieneophiles was sucsessfully reacted with anthracene in a Diels-Alder 
D-A Dehydration Ipt. 
Resultsa Prod. 
DA-2 >98:2 IPT-2 
DA-3 >98:2 IPT-3 
DA-4 >98:2 IPT-4 
DA-5 85: 15 IPT-5 
DA-6 >98:2 IPT-6 
DA-7 >98:2 IPT-7 
reaction to give the iptycene precursors DA-2 - DA-7. Only reaction at the exo face of the 
dieneophile to the anthracene was ever observed, which is consistent with observations reported 
in the literat~re.~ The cycloaddition reactions were performed in refluxing mesitylene for several 
days with 1.5 equivalents of anthracene. Typical isolated yields after chromatography were 
between 50 and 75 percent. Table 5.2 summarizes the numbering for each of these new iptycene 
precursors, as well as their corresponding iptycenes. 
The dehydration reactions summarized in Table 5.2 were performed using molten 
pyridinium tosylate at approximately 160 "C for 24-48 hours. Product ratios as summarized in 
Table 5.2 were determined by 'H NMR integration of crude products after aqueous workup. The 
reactions were typically run on an approximately 50 mg scale with isolated yields after 
chromatography of about 50% and ranged from 40% to 75%. These somewhat low isolated 
yields are attributed to the small scale of the reactions as well as the characteristically 
troublesome workup of these reactions (vide infra). In addition, individual reactions were not 
optimized for time and temperature. 
Nevertheless, the results in Table 5.2 demonstrate that these dehydration conditions are 
effective in preserving the integrity of the bicyclic ring system. Only the dehydration of DA-5 
gave any observable anthracene in the crude NMR. Clearly, these ring systems and functional 
groups do not interfere with the reaction under these conditions. It is also clear that the 
substrates that bore electron donating groups or more extended ring systems gave more 
satisfactory results than those that did not (DA-1, DA-5). This suggests that the degree to which 
positive charge is distributed on different substrate atoms during the reaction influences 
selectivity. 
One particular problem with the molten salt reaction conditions is that they lead to very 
troublesome emulsions during the aqueous workup. This made proper product extraction and 
washing very difficult, and may have led in part to suppressed yields, especially since crude 
product yields after extraction and washing were often less than 100%. Several sets of solution 
phase reaction conditions were screened, and it was found that running the reaction with 
approximately 10 equivalents of pyridinium tosylate in acetic anhydride for 1-2 days allowed for 
aqueous workups with no emulsions. The lower temperature of 80 "C could also be used 
because it was no longer necessary to melt the acid at temperatures around 160 "C in order to 
make a homogenous solution. 
In order to determine if these conditions could be useful to make more elaborated 
iptycenes, we investigated Diels-Alder iptycene precursors derived 
from 6,13-diarylpentacenes. The 6,13-disubstituted pentacenes can I 1 
be thought of as "bis-anthracenes" in their Diels-Alder reactivity as I t Ph t 
dienes. Although the central ring in pentacenes is electronically the \f 
Diets-Alder Reaction Sites 
most reactive towards cycloaddition, steric hinderance from the 17 
Figure 5.10. Reactive 
twisted terphenyl linkage slows this reaction considerably. This ,ites of a 6 , 1 3 -  
diarylpentacene 
causes the reactions across the 5/14 positions and 7/12 positions to 
dominate the Diels-Alder reactivity of these  system^.^ Therefore, two iptycenes on the same 
molecule could be generated using this molecule as a diene. This could further enhance the 
alignment in a nematic liquid crystal or stretched polymer. The 6,13-disubstituted pentacenes 
are also potential monomers for Diels-Alder polymerizations. 
The synthesis of 6,13-diphenylpentacene has been previously reported.24 Treatment of 
6,13-pentacenequinone with phenyllithium in diethyl ether, followed by reduction of the 
resulting diol by potassium iodide in acetic acid gave the deeply violet 17 in good overall yield. 
The diarylpentacenes are photochemically unstable in the presence of oxygen, so care was taken 
to minimize exposure of the final product to ambient light during both its synthesis and 
purification. 
Pentacenes with long alkyl side chains are also desirable for several reasons. Compound 
17 was not soluble in common solvents at the high concentrations required (-1.0 M) for efficient 
Diels-Alder polymerizations. In addition, long alkyl chains may increase the solubility and 
alignment of subsequent iptycenes with liquid crystals by interdigitation. Moreover, conjugated 
polymers without long solubilizing alkyl chains are usually insoluble and therefore cannot be 
properly processed into thin films. Therefore, 4-octylbromobenzene was synthesized, via a 
literature procedure, by Fridel-Crafts acylation of bromobenzene followed by a Wolff-Kischner 
reduction? 
However, when the lithium salt of Coctylbenzene was prepared by halogen-metal 
exchange and reacted with 6,13-pentacenequinone in ether, no desired diol products could be 
isolated or even identified. Instead, the reaction became a bright red color immediately upon the 
addition of the organometallic reagent and gave a very complex product mixture. The same 
negative result was obtained when the reaction was repeated with the commercially available 4- 
bromotoluene. To test the viability of the lithium reagent in this general procedure, the reaction 
with 4-methylphenyllithium in ether was attempted with 9,lO-anthraquinone as a substrate. Only 
one of the two potential diol isomers was observed, and it could be easily isolated in 70% yield. 
The preparation of diphenylpentacene has also been reported using aryl Grignard 
reagents. When 4-methylphenylmagnesiumbromide was prepared and added to anthraquinone in 
ether, the desired product was obtained, but it was primarily (>90%) the oppposite stereoisomer 
as was observed with the aryllithium. It is possible that chelation of the diols with the divalent 
magnesium leads to cis product, whereas monovalent lithium cannot chelate the alcohols 
effectively and gives the less sterically demanding trans diols. 
Extending the Grignard methodology to pentacenequinone was successful, resulting in 
isolation of the target diols in 
Table 5.3. Products of quinone arylation reactions in ether. 
50% yield, which in a small test 
reaction gave the desired 
pentacene product upon 
reduction with potassium iodide 
in refluxing acetic acid. The 
results of these experiments are 
summarized in Table 5.3. The 
failure of the aryllithium reagent 
to give any desired product with 
Nucleophile \ 
Electrophile \ 
diol 
18a 
diol 
18b 
pentacenequinone may be due to an electron transfer followed by decomposition. The more 
No Desired 
Product 
covalently bound ArMgBr is less likely to be formally oxidized by the quinone, making 
Target diols 
19 
nucleophilic attack the dominant pathway? Having found appropriate conditions for alkylation 
KI, AcOH 
20 
Scheme 5.3. Synthesis of solubilized diarylpentacene 24. 
of pentacenequinone with (4-methyl)-phenylmagnesium bromide, the preparation of the n-octyl- 
substituted pentacene 21 proceeded smoothly as illustrated in Scheme 5.3. 
Results of Diels-Alder reactions between pentacenes 17 and 21 and dieneophile 3 were 
mixed. Using a moderate excess of dienephile, the first cycloaddition was complete after 
refluxing in xylenes overnight. These conditions were milder than those used for cycloaddition 
of 3 to anthracene (refluxing mesitylene). This is indicative of the more reactive nature of 
extended acenes towards dieneophiles. However, even under forcing conditions (6.0 equivalents 
3, refluxing mesitylene or decalin), significant conversion to the di-adduct was not realized. The 
second anthracene moiety that 3 must react with is sterically hindered by both the presence of the 
bridged ring system and the terphenyl moiety that occupies the anthracene unit's terminal 
positions. Therefore, this intermediate is a much less reactive diene than even parent anthracene, 
which results in the reaction stalling at the monoadduct stage. This makes these 
diarylpentacenes poor monomers for Diels-Alder polymerizations, which resulted in only the 
isolation of oligomers, even under hyperbaric conditions. 
Scheme 5.4. Synthesis of monoiptycenes based on diarylpentacenes 17 and21. Only one of the 
two isolated steroisomers of the intermediate is illustrated. 
Nevertheless, the monoadducts were successfully isolated as stereoisomeric mixtures and 
dehydrated using pyridinium tosylate in acetic anhydride as depicted in Scheme 5.4. The 
resulting structure is an iptycene with two anthracene "wings". These could potentially be used 
to build up more elaborate iptycene structures, using any of the methods described in Figure 5.3. 
Conjugated polymers based on similar structures have since been synthesized in the Swager 
Group and have shown very high alignment with nemaic liquid crystal phases.27 
5.3 Poly(iptycene) Alignment Experiments 
We have also shown that the general poly(iptycene) structure is potentially useful in non- 
traditional host-guest alignment strategies. The ability to control supramolecular orientation and 
alignment has become important in many present and emerging technologies, including optical 
displays, high volume data storage, and dichroic polar i~ers .~ There have been many examples 
of small molecules and polymers aligning in an anisotropic environment, typically, with their 
long axis parallel to the aspect ratio of the host.29 Although molecular control has become 
increasingly imp0rtant,3~-~~ chemists have been unable to control supramolecular orientations by 
designing guest molecules that organize within hosts in more unique ways. 
As previously described, the Swager group has recently demonstrated that iptycenes offer 
advantageous and unique properties when dissolved in nematic liquid crystals or stretch-aligned 
polymers. In particular, iptycenes with wings that consist of anthracene groups tend to align 
with their long axes perpendicular to the alignment direction of the host.12b We have ascribed 
this unique sense of alignment to a minimization of local density changes in the polymeric 
matrix; the host LC or polymer "threads" through the nanometer-scale pores defined by the rigid 
iptycenes. This section summarizes the hyperbaric preparation of a soluble, shape-persistent, 
two-dimensional ladder poly(iptycene) which aligns in a contra-aspect ratio fashion to a 
stretched polymeric host, as illustrated in Figure 5.11." 
Long h 
Figure 5.11. Depiction of stretch-aligned PVC (red lines) threaded through poly-1 (yellow chain of 
rectangles) and the resulting perpendicular orientation of the two polymers. 
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Scheme 5.5. Synthesis of poly-1. 
The synthesis of monomer 1 is 
designed and previously described by former 
illustrated in Scheme 5.5. This synthesis was 
graduate student Timothy ~ o n g . ~ ~  The 
reactive anthracene and 1,4-epoxy moieties at the ends of the monomer are designed to react via 
a Diels-Alder transformation to build up the ladder polymer structure. The central iptycene unit 
becomes part of the polymer main chain upon step-growth polymerization. In addition, the 
terminal ring of the anthracene moiety bears long alkyl chains that are essential to oligomer 
solubility during polymerization. 
Attempts to polymerize 22 under traditional Diels-Alder conditions (refluxing decalin at 
atmospheric pressure for several days) met only with marginal success. Only oligomers were 
obtained, and the harsh thermal conditions for long periods of time tended to degrade the 
reactants and products to give a darkly colored reaction mixture. Polymerization of 22 under 
hyperbaric conditions for five hours, however, gave poly(iptycene)s with a higher overall degree 
of polymerization and fewer degradation products than traditional reactions. Since Diels-Alder 
reactions have a negative volume of activation, increasing the pressure of the reaction results in 
an exponential increase of the reaction rate.33 The formula for calculating rate enhancement 
under higher pressure is as follows: 
Under the conditions used in our laboratory, a theoretical rate enhancement of up to 1.5x104 at a 
pressure of 8800 atmospheres is possible. This allowed for larger polymers while reducing the 
length of time the reaction mixture was exposed to aggressive thermal conditions. 
Polymers were isolated simply by precipitation into methanol and collection by 
centrifugation. When higher molecular weights were obtained, the reaction mixture was 
removed from the high-pressure vessel as a gel and had to be redissolved in dichloromethane 
before precipitation. Addition of small amounts of hyperbranching agents 23 and 24 led to even 
larger polymers, the largest with a number-average molecular weight (Mn) of 42,000 glmol. 
These reactions were typically performed on a 30 mg scale. The molecular weights of these 
polymers, as determined by gel-permeation chromatography (GPC) versus polystyrene 
standards, are most likely overstated due to the rigid structure of poly-1. 'H NMR end-group 
analysis of the polymer indicated overestimation of molecular weight by GPC at about a factor 
The lathe-like form of poly-1 was confirmed via small-angle neutron scattering (SANS) 
measurements of a dilute (1.0 mgimL) solution of the macromolecule in THF-d, (Figure 5.16). 
The absence of aggregation at this concentration was confirmed by UVNis spectroscopy. When 
the SANS data (q range = 0.0054 to 0.37 k l ,  included in the Supporting Information) are fit with 
unconstrained, triaxial form factors (elliptical cylinder, triaxial ellipsoid, or parallelepiped), these 
rigid body models converge to similar lathe-like aspect ratios with thicknesses of approximately 
5-6 Angstroms. The best (minimal x2) form factor is an elliptical cylinder with a thickness of 6 
A, minor radius of 36 A and major radius of 170 A. The converging of the neutron-scattering 
data towards a two-dimensional object is consistent with our model in Figure 5.12. 
A SANS data 
- elliptical cylinder fit (unconstrained), x2 = 6.4Jpt 3 
2 
Figure 5.12. SANS data of 1.0 mg/mL poly-1 in THF-d,,, with standard deviations indicated, 
together with the weighted fit to elliptical cylinder form factor. (Brian Pate, Steven Kline) 
Many polymers that are dissolved in nematic liquid crystals or stretched polymer films 
have conjugated backbones. This makes their study relatively straightforward, since the 
transition dipole moment of these materials is along the polymer backbone. They are also highly 
absorbing materials and emit efficiently, making them readily studied by polarized absorption 
and fluorescence spectroscopies. The main chain of poly-1, however, is not made up of 
extended chromophores. There are, however, residual anthracene end groups in the main chain 
that can be identified by solution phase absorbance and fluorescence spectroscopy. It is known 
that the transition dipole moment of the lowest energy vibronically coupled absorption of 
anthracene is short-axis polarized? More specifically, the 0-0 absorption band of anthracene is 
purely short-axis polarized. 
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Figure 5.13. Anisotropy of transition dipole moments in anthracene. The long-wavelength transition 
can be readily monitored by fluorescence excitation spectroscopy even at very low anthracene 
concentrations. 
This inherent anisotropy of anthracene allowed us to characterize the alignment of poly-1 
relative to a uniaxially stretch-aligned polymer host. Solution-cast poly(viny1 chloride) (PVC, 
Mn=99,000 Da, PDI=2.3) thin films containing - 0.5-1 weight-percent poly-1, were prepared by 
pouring a solution of the two polymers (250 mg PVC, 2.5 mg poly-l,30 mL 1,2-dichloroethane) 
into a 9-inch glass petri dish and allowing the solvent to slowly evaporate over 2-3 days. We had 
previously found PVC to be a superior host for iptycenes.'" 
Although the limited number of anthracene groups in poly-1 precluded absorption 
spectroscopy from reliably detecting the anthracene vibronic transitions in the PVC thin film, 
fluorescence excitation spectroscopy was suitable for reliable observation of the short-axis 
polarized transitions. These films were uniaxially stretched at 100°C (draw ratio - 450%) to 
impart macromolecular alignment of the PVC~' and then characterized using polarized excitation 
spectroscopy. Based on pure aspect ratio considerations, the poly(iptycene) should have aligned 
parallel to the host polymer backbone. 
Polarized excitation spectra of a fairly monodisperse sample (Mn = 17,000 Da, PDI = 
1.2) of poly-1 in uniaxially stretched PVC are shown in Figure 5.14. The polymer was isolated 
by preparative GPC. The long wavelength region (short-axis polarized) of the excitation spectra 
has vibronic patterns at wavelengths characteristic of dialkylanthracene groups. These spectral 
regions were compared with the excitation light polarized parallel or perpendicular relative to the 
stretching direction of the film. The spectra have been corrected for instrumental anisotropy by 
0 
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Figure 5.14. Corrected polarized fluorescence excitation spectra of low-PDI (Mn = 17,000 Da, PDI = 
1.2) poly-1 in stretch-aligned PVC. Spectra when the polarizer is oriented parallel (solid line) or 
perpendicular (dotted line) to the stretching direction are illustrated. The dichroic ratios of the 0-0 bands 
were independent of film orientation (1.82 & 1.92). 
comparison with an analogous film that was not stretched and was therefore isotropic. 
The data clearly show enhanced excitation of the long-wavelength absorption bands of 
the anthracene moieties when the excitation light is polarized parallel to the PVC stretching 
direction. In addition, the short-axis polarized 0,O transition at 388 nm exhibits the highest 
dichroic ratio. This data indicates that the short axes of the anthracene groups are, on average, 
parallel to the stretching direction of the PVC. As is illustrated in Figure 5.11, this corresponds 
to the poly(iptycene) aligning perpendicular to the host PVC. It is also important to note that the 
observed dichroic ratios (ratio of absorbances at 388 nm) of the sample are consistent (6% error) 
regardless of film orientation. 
If only aspect ratios of the two polymers were taken into account, the opposite sense of 
alignment would be predicted. When anthracene is subjected to similar conditions, it prefers to 
align parallel to the stretched PVC.3 We propose that this unique sense of supramolecular 
alignment, with the two polymers preferring to align normal to one another, stems from the 
aforementioned threading mechanism. Locally orthogonal chains in an isotropic sample become 
globally perpendicular upon uniaxial deformation and global alignment of PVC along the force 
direction. This mechanism not only accounts for the observed anisotropic fluorescence data, but 
also allows for maximum alignment of the stretched PVC host while eliminating the internal 
molecular free volume of the poly(iptycene). However, there is surely some distortion from a 
purely two-dimensional structure, with the stereo-random nature of the polymer causing the 
poly(iptycene) backbone to bend. The polymerization will necessarily create interpolymer steric 
congestion that can be relieved by a twisting of the polymer into a structure that resembles a 
helical "lock washer" structure. This defect structure will have a limiting effect on the observed 
dichroic ratio. 
Poly(iptycene)s are a new class of materials with exciting potential, the surface of which 
has only been scratched. They are ladder polymers the main chains of which contain iptycene 
groups. Their ability to align perpendicular to the stretching direction of a host polymer matrix, 
when combined with the favorable thermal and mechanical properties of iptycene-based 
molecules and materials, make them candidates for a future generation of energy absorbing 
materials. This could be enhanced by "auxetic" behavior, by which the stretching of a material 
causes it to get thicker than thinner (negative Poisson's ratio). Such a combination would yield a 
molecular equivalent to chain mail, in which mechanically tough materials would be made even 
more so by interweaving of their polymer chains. More research into the simple and reliable 
preparation of poly(iptycene)s, as well as mechanical testing and formulation development, are 
necessary to explore these potential applications. 
5.4 Conclusions 
This chapter summarized investigations into the improvement of dehydration conditions 
used to synthesize the iptycene structural unit from the cycloadducts of l,4-epoxy. dieneophiles 
and linear acenes. Previously published conditions for this reaction were harsh and resulted in 
the fragmentation of the bridged bicyclic ring system, which made the general synthetic pathway 
useless for preparing molecules with multiple itpycene units, especially poly(iptycene)s. It was 
discovered that promotion of this El-type reaction with positively charged N-heterocyclic acids 
in most cases eliminated fragmentation of the iptycene and could give desired products in good 
isolated yields, usually between 50 and 75%. The reason for the enhanced selectivity under 
these conditions is presently unclear, but the fact the enhanced selectivity is not too strongly 
dependant on the pK, of the acid suggests that the positive charge of the acid may play a role. 
Also, the structure-property trends of the cycloadduct substrate suggest that the distribution of 
positive charge throughout the ring system during the course of the reaction is also important. 
Using these improved conditions, a series of new iptycenes that contain important 
substituents and ring systems were prepared in a modular fashion. This included the preparation 
of iptycenes derived from diarylpentacenes, which may be useful in the future for enhanced 
alignment of dyes in nematic liquid crystals. Iptycenes are an important structural motif in the 
studies of fundamental structure-property relationships, as well as for the preparation of 
functional materials. This improved synthesis has opened the door for the simple preparation of 
molecules containing multiple iptycene units, including poly(iptycene)s. 
This chapter also illustrated our synthesis of a high-molecular weight, soluble, shape- 
persistent poly(iptycene) using hyperbaric conditions to accelerate the reaction. In addition, we 
have shown that the internal molecular free volume presented by iptycene groups in the main 
chain causes poly-1 to align perpendicular to stretch-aligned PVC, contradicting the aspect-ratio 
model. To our knowledge, this is the first report of two different polymers aligning 
perpendicular to each other. We envision similar design principles leading to materials with 
enhanced impact resistance and auxetic properties.36 
5.5 Experimental Section 
General Methods and Instrumentation. All synthetic manipulations were performed under an 
argon atmosphere using standard Schlenk techniques unless otherwise noted. NMR ('H and 13c ) 
spectra were recorded on either a Varian Mercury 300 MHz or a Varian INOVA 500 MHz 
spectrometer. NMR chemical shifts are referenced to residual protonated solvent. High 
resolution mass spectra (HRMS) were obtained at the MIT Department of Chemistry 
Instrumentation Facility using a peak-matching protocol to determine the mass and error range of 
the molecular ion. Ultraviolet-visible absorption spectra were measured with a Agilent 8453 
diode-array spectrophotometer. Polarized fluorescence spectra were measured with a SPEX 
Fluorolog-z3 fluorimeter (model FL3 12,450W xenon lamp) equipped with a 1935B polarization 
kit. Polymer molecular weights were determined by Gel Permeation Chromatography (GPC) 
with tetrahydrofuran as the eluent versus polystyrene standards (PolySciences). A Hewlett 
Packard series 1100 HPLC instrument equipped with a Plgel 5mm Mixed-C (300 x 7.5 mm) 
column was used. Preparative-scale GPC was performed using THF as the eluent with a Rainin 
HPLC instrument equipped with an isocratic solvent pump and UVIVis detector and a 
preparative-scale Plgel column. 
Preparation of Films. A solution of 0.25 g poly(viny1 chloride) and 2.5 mg of polyiptycene 
were dissolved in 30 mL 1,2-dichloroethane and heated to 80°C for 1 hour to completely 
dissolve the polymers. The hot solution was then poured into a 9 cm diameter glass petri dish, 
partially covered and allowed to dry slowly over two days. The film was then peeled from the 
dish, cut into strips, and used in polarized fluorescence experiments. 
Polarized Fluorescence Experiments. These experiments were performed using a SPEX 
Fluorolog-z3 equipped with polarization accessories. Excitation spectra were obtained by 
exciting the sample with either vertically or horizontally polarized light and collecting the total 
emission. The emission was monitored at 460 nm, while the excitation wavelength was typically 
scanned from 330 nm to 400 nm. 
Before uniaxial stretching of the film was carried out, excitation spectra of the isotropic 
film using each of the two polarization directions were acquired. The ratio of the two intensities 
at each excitation wavelength created a correction factor file that factored out the inherent 
anisotropy of the instrument. The same film was then heated to ca. 100°C in an oven (above the 
glass transition temperature of PVC) and stretched uniaxially in a mechanical stretcher to a draw 
ratio of 4-5. 
The stretch-aligned film was placed in the fluorimeter sample chamber with the 
stretching direction aligned vertically, and two excitation spectra with vertically or horizontally 
polarized light were acquired. To ensure data reproducibility, the film was then rotated ninety 
degrees in the sample chamber, and the same spectra were acquired. Multiplication of the 
horizontally polarized excitation spectrum by the correction factor file gave the corrected 
excitation spectra. Excitation spectra showed excellent reproducibility and self-consistency. 
Materials. Tetrahydrofuran, toluene, dichloromethane, and diethyl ether used for synthetic 
purposes was obtained from J.T. Baker and purified by passing through a glass contour dry 
solvent purification system. All commercially available starting materials and reagents were 
purchased from Aldrich. Zinc was activated by washing with 5% aqueous HCl, followed by 
washings with water, ethanol, and ether. Compounds 34, 519, 920, lo2', 1422, 17p, and poly-13" 
were prepared according to previously published procedures. Compound 13 was a kind gift from 
Alex Paraskos. 
9,lO-Dimethyl-1,4-epoxy-174-dihydroanthracene (6). A 250 mL 2-neck round-bottom flask 
was charged with 2.1 g (6.69 mmol) 2,3-dibromo- 1,4-dimethylnaphthalene (5). The flask was 
evacuated and purged with argon three times. 30 mL THF and 27 g (400 mmol) of furan were 
added. The flask was cooled to 0 OC, and phenyllithium (9.37 mmol from a 1.7 M solution) was 
added dropwise using a syringe pump over 1.5 hours. The reaction was allowed to stir for three 
hours while slowly warming to room temperature. The reaction was quenched by adding 5 mL 
of ethanol. THF and furan were removed in vacuo, and the organics were extracted from 100 
mL water with dichloromethane (3 x 100mL). The combined organic layers were washed with 
deionized water (2 x 75 mL) and brine (1 x 75 mL), and then dried over MgSO,, filtered, and 
dried. Solvent was removed in vacuo to give a pale yellow powder. This was adsorbed onto 
silica gel by removal of solvent in vacuo from a dichloromethane slurry. Purification by column 
chromatography (SiO,, hexane to 60% DCMIhexane gradient elution) gave 1.01 g (68%) of 6 as 
a colorless powder. 'H NMR (300 MHz, CDCl,): 6 7.91 (dd, 2H), 7.51 (dd, 2H), 6.99 (t, 2H), 
5.97 (t, 2H), 2.61 (s, 6H). 13C NMR (75 MHz, CDCl,): 6 141.2, 141.1, 131.8, 125.7, 124.5, 
123.5, 8 1.3, 15.4. HRMS calcd. for Cl,H,,O (M'), 222.1039; found, 222.1039. mp = 164-166 
"C. 
1,4-Epoxy- 1,4=dihydronaphthalene (1 1). A round-bottom flask was charged with 5.20 g (1 34 
mmol) of sodium amide was weighed into in an inert atmosphere glovebox. This was sealed, 
brought out of the glovebox, and was purged with argon. 30 mL THF was added via syringe. 
This mixture was stirred at ambient temperature while 5.1 g of t-butyl alcohol in 30 mL THF was 
added. The reaction was then brought to 50 "C and stirred at this elevated temperature for 1.5 
hours. The flask was then cooled to 0 "C, followed by addition of 1.50 g (9.55 mmol) of 
bromobenzene in 30 mL of furan dropwise via syringe. Upon completion of addition, the 
reaction mixture was stirred at ambient temperature for 1.5 hours, at which time it was quenched 
by very slow addition of water. The organics were extracted into diethyl ether (3 x 100 mL). 
The combined organics were dried over magnesium sulfate, filtered and solvent was removed in 
vacuo to give an orange oil that solidified upon standing. Purification by flash column 
chromatography (SiO,, 30% dichloromethane/hexanes to 70% dichloromethane/hexanes gradient 
elution) gave 476 mg of 1118 (35 % yield) as a yellow powder. 
1,4-Epoxy-1,4-dihydro-5,8-dimethoxynaphthalene (12). This compounds was prepared in an 
analogous fashion to 11. Using 2.17 g (10 mmol) of 2,5-dimethoxybromobenzene gave 1.5 g of 
12 (73%) as an orange solid. 'H NMR (300 MHz, CDCI,): 6 7.08 (s, 2H), 6.55 (s, 2H), 5.94 (s, 
2H), 3.80 (s, 6H). ',c NMR (75 MHz, CDCl,): 6 147.9, 142.9, 137.4, 1 1 1.6, 80.3,56.3. HRMS 
calcd. for C12H1303 (M+H)+; 205.0859; found, 205.0852. mp = 75-78OC. 
Dibromotriphenylene 15. A 250 round-bottom flask was charged with 2.5 g (3.6 mmol) of 14. 
This was evacuated and purged with argon three times, then charged with 75 mL dry 
dichloromethane. The reaction was cooled to 0 "C, after which 0.38 mL (1.15 g, 7.3 mmol) of 
bromine was added dropwise over two minutes. The reaction was stirred at ambient temperature 
for 3 hours, followed by addition of 50 mL saturated aqueous Na2S203. The organics were 
extracted with dichloromethane (3 x 50 mL), and these combined extracts were washed with 
water (2 x 50 mL) and brine (1 x 50 mL), followed by drying over magnesium sulfate, filtration 
and removal of solvent in vacuo. The crude product was purified by column chromatography 
(SO2, 2: 1 hexanes:DCM) to give 1.66 grams of 15 (54%) as a yellow gummy solid. 'H NMR 
(300 MHz, CDCI,): 6 8.98 (s, 2H), 7.76 (s, 2H), 4.26 (t, 4H), 4.17 (t, 4H), 3.75 (s, 6H), 1.95 (m, 
8H), 1.6 (m, 8H), 1.3-1.5 (m, 32H), 0.9 (m, 12H). 13C NMR (75 MHz, CDCI,): 6 152.0, 149.7, 
148.7, 125.5, 124.9, 121.9, 119.1, 110.9, 106.4, 69.6, 69.2, 60.8, 31.1, 29.8, 29.7, 29.6, 29.5, 
29.4,23.0, 14.5. HRMS calcd. for C,H,Br2Na0, (M+Na)+; 979.4057; found, 979.4016. 
Triphenylene-based 1,4-epoxy-dieneophile 16. This compound was prepared in an analogous 
manner to that of the preparation of 6, except the reaction was allowed to stir at ambient 
temperature overnight. The crude orange oil was purified by column chromatography (Si02,5% 
Et0Ac:hexanes to 10% Et0Ac:hexanes gradient elution) to give 815 mg of 16 (60%) as a yellow 
solid. 'H NMR (300 MHz, CDCI,): 6 9.03 (s, 2H), 7.79 (s, 2H), 7.15 (t, 2H), 6.16 (t, 2H), 4.25 
(t, 4H), 4-18 (t, 4H), 3.80 (s, 6H), 1.94 (m, 8H), 1.56 (m, 8H), 1.3-1.5 (m, 32H), 0.9 (m, 12H). 
13c NMR (75 MHz, CDC1,): 6 148.8, 148.2, 148.1, 142.5, 137.1, 125.3, 123.6, 123.4, 110.8, 
106.3, 81.0, 69.6, 69.1, 61.8, 32.2, 29.8, 29.8, 29.7, 29.6, 29.6, 26.5, 23.0, 14.4, 14.4. HRMS 
calcd. for C,H,07 (M+H)+; 867.61 33; found, 867.6138. 
Diol 18a. A 25 mL round-bottom flask was purged with argon three times, and was 
subsequently charged with 1.23 g (7.2 mmol) of 4-bromotoluene and 10 mL EbO. The flask was 
cooled to -78 "C (dry-icelacetone bath). Then, 6.0 mmol of n-butyllithium was added dropwise 
to this solution over five minutes, after which the reaction mixture was stirred at -78 "C for 1 
hour. Into a separate 50 mL round-bottomed flask 250 mg of 9,lO-anthraquinone (1.2 mmol) 
was weighed, which was subsequently evacuated and purged with argon three times, followed by 
the addition of 5 mL EbO. This flask was also cooled in a dry-icelacetone bath. The freshly 
prepared aryllithium reagent was added to the quinone dropwise over five minutes. The reaction 
was stirred and gradually warmed to ambient temperature as the bath warmed, and then allowed 
to stir at ambient temperature overnight. The reaction was quenched by pouring the mixture into 
75 mL water. The organics were extracted into dichloromethane (3 x 50 mL), and these 
combined extracts were washed with deionized water (2 x 50 mL) and brine (1 x 50 mL). 
Drying over magnesium sulfate, filtration and evaporation of solvent in vacuo gave a yellow- 
orange semi-solid. This crude product was titruated with 10 mL of hexanes, which gave a highly 
colored solution and a colorless powder, which was collected by vacuum filtration, washed with 
hexanes, and dried to give 331 mg of 18a (70%, stereochemistry unknown). 'H NMR (300 
MHz, CDCI,): 6 7.67 (dd, 4H), 7.35 (dd, 4H), 6.97 (d, 4H), 6.87 (d, 4H), 2.82 (s, 2H), 2.45 (s, 
6H). 13c NMR (125 MHz, CDC13): 6 142.6, 141.1, 136.6, 128.5, 128.2, 127.5, 127.3,74.8,21.1. 
HRMS calcd. for C=H,NaO, (M+Na)+; 415.1669; found, 415.1663. mp = 216-218 "C. 
Diol 18b. A 50 mL round bottom flask was charged with 321 mg magnesium turnings (13.2 
mmol) and one iodine crystal. The flask was evacuated and purged with argon three times. 8 
mL of ether were added by syringe, followed by 2.05 g (12 mmol) of 4-bromotoluene in 5 mL 
ether dropwise over ten minutes. The mixture was heated briefly with a heat gun to initiate the 
reaction, and was allowed to react for 15 minutes at room temperature and 3 hours at 40 "C. The 
freshly prepared Grignard reagent solution was removed from heat, and in a separate 100 mL 
round-bottom flask was charged 250 mg 9,lO-anthraquinone (1.20 mmol) and 5 mL ether. The 
freshly prepared Grignard reagent was added to the anthraquinone dropwise over five minutes, 
and then the mixture was stirred at 45 "C overnight. The reaction was worked up and purified as 
described for 18a and gave 3 14 mg of 8b (66%) as a tan powder. 'H NMR (300 MHz, CDCl,): 6 
7.38 (dd, 4H), 7.35 (d, 4H), 7.24 (dd, 4H), 7.1 1 (d, 4H), 2.63 (s, 2H), 2.33 (s, 6H). ',CNMR (125 
MHz, CDCI,): 6 145.4, 140.9, 136.5, 128.9, 128.5, 128.5, 126.7, 74.5, 21.2. HRMS calc. for 
CzH,Na102 (M+Na)', 41 5.1669; found, 415.1657. mp > 230 "C (dec.). 
6,13-di(4-octylpheny1)pentacene (21). A 50 mL round-bottom flask was charged with 217 mg 
magnesium turnings (8.92 mmol) and one crystal of iodine. The flask was evacuated and purged 
with argon three times. 5 mL of ether were added by syringe, followed by 2.19 g (8.1 mmol) of 
4-octylbromobenzene in 5 mL ether dropwise over ten minutes. The mixture was stirred at 40 
"C overnight. A 50 mL flask was then charged with 250 mg of 6,13-pentacenequinone (0.8 1 
mmol) and purged with argon. Then, 5 mL of ether was added, followed by the freshly prepared 
Grignard reagent solution. The dark green reaction was refluxed overnight. The reaction was 
worked up as described for 18b. The crude product was purified by column chromatography 
(Si02, hexanes to 40% dichloromethanelhexanes gradient elution) to give 300 mg of 20 (53%, 
stereochemistry unknown). 'H NMR (300 MHz, CDCI,): 6 8.04 (s, 4H), 7.8 1 (dd, 4H), 7.46 (dd, 
4H), 7.3 1 (d, 4H), 7.13 (d, 4H), 2.7 1 (s, 2H), 2.62 (t, 4H), 1.6 (m, 4H), 1.2- 1.4 (m, 20H), 0.9 (m, 
6H). 
Compound 20 (185 mg, 0.27 mmol) and 193 mg potassium iodide (1.16 mmol) were combined 
in a 25 mL round-bottom flask which was evacuated and purged with argon three times. Acetic 
acid (5 mL) was added and the reaction refluxed for one hour while covered with aluminum foil 
to protect from light. Upon cooling to ambient temperature, the reaction mixture was poured 
into 50 mL water. A dark purple solid was collected by vacuum filtration and dried on the frit. 
Column chromatography of the crude product in the dark (Si02,20% dichloromethane/hexanes) 
gave 134 mg of 21 (76%). 'H NMR (300 MHz, CDCl,): 6 8.36 (s, 4H), 7.75 (dd, 4H), 7.54 (s, 
8H), 7.23 (dd, 4H), 2.90 (t, 4H), 1.89 (m, 4H), 1.2-1.6 (m, 20H), 0.9 (m, 6H). 13CNMR (125 
MHz, CDCI,): 6 142.5, 137.2, 131.8, 131.1, 129.0, 128.8, 128.8, 125.9, 125.2, 36.3, 32.2, 31.8, 
29.8, 29.6, 23.0, 14.4. HRMS calc. for CmHM (M'), 654.4220; found, 654.4233. mp > 220 "C 
(dec.). 
Diels-Alder adducts DA-1 through DA-6. These cycloadducts were all prepared by an 
analogous procedure. The dieneophile was reacted with 1.2-2.0 equivalents of anthracene (DA-6 
was instead prepared using 1 pdimethylanthracene) in refluxing mesitylene for 2-3 days. Upon 
cooling the crude products were purified by column chromatography on silica gel, primarily to 
remove excess anthracene and highly polar impurities. 
DA-1. Compound 13 (100 mg, 0.51 mmol) and 184 mg of anthracene (1.03 mmol) were 
refluxed in 8 mL mesitylene for three days. Purification on silica gel (20% 
dichloromethane/hexanes to 60% dichloromethane/hexanes) gave 118 mg of DA-1 as a slightly 
orange powder. 'H NMR (300 MHz, CDCI,): 6 7.73 (dd, 2H), 7.52 (s, 2H), 7.41 (dd, 2H), 7.34 
(dd, 2H), 7.25 (dd, 2H), 7.17 (dd, 2H), 7.03 (dd, 2H), 5.10 (s, 2H), 4.52 (s, 2H), 2.40 (t, 2H). 13C 
NMR (125 MHz, CDCI,): 6 144.7, 144.2, 141.6, 132.8, 128.3, 126.3, 126.0, 125.9, 124.0, 123.8, 
117.1, 81.4,49.5,47.7. HRMS calc. for CBH20Na0 (M+Na)+; 395.1406; found, 395.1395. 
DA-2. Compound 6 (200 mg, 0.90 mmol) and 320 mg anthracene (1.8 mmol) were refluxed in 8 
mL mesitylene for 3 days. Purification on silica gel (15% dichloromethane/hexanes to 60% 
dichloromethane/hexanes gradient elution) gave 250 mg of DA-2 (69%) as a slightly yellow 
powder. 'H NMR (300 MHz, CDCI,): 6 7.90 (dd, 2H), 7.46 (dd, 2H), 7.34 (dd, 2H), 7.27 (dd, 
2H), 7.18 (dd, 2H), 7.03 (dd, 2H), 5.20 (s, 2H), 4.52 (s, 2H), 2.58 (s, 6H), 2.36 (t, 2H). 13c NMR 
(125 MHz, CDCI,): 6 144.2, 142.3, 141.7, 132.4, 126.2, 125.9, 125.3, 124.6, 124.0, 123.7, 121.5, 
80.9,48.9,47.8, 15.4. HRMS calc. for C,oHMNaO (M+Na)', 423.17 19; found, 423.1700. mp = 
238-240 "C. 
DA-3. Compound 9 (100 mg, 0.39 mmol) and 140 mg of anthracene (0.79 mmol) were refluxed 
in 5 mL mesitylene for 3 days. Purification on silica gel (10% dichloromethane/hexanes to 75% 
dichloromethane/hexanes) gave 123 mg of DA-3 (72% yield) as a slightly yellow powder. 'H 
NMR (300 MHz, CDCI,): 6 8.08 (dd, 2H), 7.47 (dd, 2H), 7.38 (dd, 2H), 7.29 (dd, 2H), 7.22 (dd, 
2H), 7.06 (dd, 2H), 5.40 (s, 2H), 4.55 (s, 2H), 4.06 (s, 6H), 2.53 (t, 2H). 13C NMR (75 MHz, 
CDC13):6 144.0, 142.5, 141.5, 131.1, 128.3, 126.3, 126.0, 126.0, 124.0, 123.8, 122.5,79.9,61.3, 
49.5,47.6. HRMS calc. for C30HMNa03 (M+Na)+; 455.1618; found, 455.1627. mp>120°C (dec.). 
DA-4. Compound 10 (100 mg, 0.41 mmol) and 146 mg anthracene (0.82 mmol) were refluxed 
in 5 mL mesitylene for 3 days. Purification on silica gel (10% dichloromethane/hexanes to 50% 
dichloromethane/hexanes) gave 109 mg of DA-4 (63%) as a peach-colored powder. 'H NMR 
(300 MHz, CDCI,): 6 8.67 (m, 2H), 7.9 1 (m, 2H), 7.63 (m, 4H), 7.40 (dd, 2H), 7.22 (m, 4H), 
6.97 (dd, 2H), 5.56 (s, 2H), 4.53 (s, 2H), 2.32 (t, 2H). 13c NMR (125 MHz, CDCls): 6 144.5, 
142.3, 141.8, 127.0, 126.3, 126.2, 125.9, 125.8, 124.3, 124.1, 123.8, 123.7, 81.0, 49.7, 47.9. 
HRMS calc. for C32H22Na0 (M+Na)+; 445.1563; found, 445.155 1. mp r 160 "C (dec.). 
DA-5. Compound 11 (200 mg, 1.4 mmol) and 495 mg of anthracene (2.8 mmol) were refluxed 
in 10 mL mesitylene for 3 days. Purification on silica gel (hexanes to 50% 
dichloromethanelhexanes gradient elution) gave 318 mg of DA-5 (71%) as a slightly yellow 
powder. 'H NMR (300 MHz, CDCl,): 6 7.31 (dd, 2H), 7.25 (dd, 2H), 7.16 (m, 4H), 7.03 (m, 
4H), 4.96 (s, 2H), 4.45 (s, 2H), 2.28 (m, 2H). 13c NMR (125 MHz, CDCI,): 6 147.0, 144.4, 
141.6, 126.5, 126.2, 125.9, 124.0, 123.7, 118.9, 81.4, 49.1, 47.7. HRMS calc. for CNH,,NaO 
(M+Na)+; 345.1250; found, 345,1264. 
DA-6. Compound 12 (165 mg, 0.81 mmol) and 200 mg of 1,4-dimethylanthracene (0.97 mmol) 
were refluxed in 5 mL mesitylene for three days. Purification on silica gel (25% 
dichloromethane lhexanes to 80% dichloromethane/hexanes gradient elution) gave 187 mg of 
DA-6 (56%, a 1:l mixture of two stereoisomers) as a light yellow foamy solid. 'H NMR (300 
MHz, CDCI,): 6 7.27 (dd, 2H), 7.24 (dd, 2H), 7.13 (dd, 2H), 7.00 (dd, 2H), 6.88 (s, 2H), 6.75 (s, 
2H), 6.54 (s, 2H), 6.54 (s, 2H), 5.12 (s, 2H), 5.06 (s, 2H), 3.77 (s, 6H), 3.77 (s, 6H), 2.48 (s, 6H), 
2.39 (s, 2H), 2.29 (t, 2H), 2.21 (t, 2H). 13C NMR (125 MHz, CDCl,): 6 146.5, 146.4, 144.8, 
142.4, 142.0, 139.6, 136.2, 136.1, 129.5, 129.3, 127.2, 126.8, 126.1, 125.7, 124.0, 123.8, 111.1, 
11 1 .O, 79.6,79.5,56.3,56.2,48.5,47.7,43.8,43.5, 18.7. HRMS calc. for C,H,NaO, (M+Na)+; 
433.1774; found, 433.1787. 
Iptycenes IPT-2 through IPT-9. These compounds were synthesized in one of two ways. 
Method A: Heating in the presence of molten pyridinium tosylate (160 "C) for 2-3 days. Method 
B: Reacting with 10 equivalents pyridinium tosylate in acetic anhydride at 80-1 10 OC for 1-2 
days. Reactions were worked up by extracting into chloroform and washed with 10% NaOH, 
water, and brine. 
IPT-2. Method A: 42 mg of DA-2 (0.10 mmol) and 1.5 g pyridinium tosylate heated to 160 "C 
over 2 nights. Crude NMR spectrum showed no anthracene. The crude product was purified by 
column chromatography on silica gel (hexanes to 20% dichloromethane/hexanes) to give 20 mg 
of IPT-2 (50%) as a yellow powder. 'H NMR (300 MHz, CDC13): 6 8.27 (dd, 2H), 8.26 (s, 2H), 
7.50 (dd, 4H), 7.47 (dd, 2H), 7.08 (dd, 4H), 5.63 (s, 2H). 13C NMR (125 MHz, CDCl,): 6 144.5, 
140.4, 130.2, 128.7, 127.9, 125.9, 123.4, 124.5, 124.0, 118.9, 54.1, 14.4. HRMS calc. for C30H22 
(M'), 382.1716; found, 382.1715. mp > 250 OC (dec.). 
IPT-3. Method B: 100 mg of DA-3 (0.23 mmol) and 450 mg of pyridinium tosylate were heated 
to 80 OC for two days. The crude product was purified by column chromatography on silica gel 
(50% dichloromethane/hexanes) to give 68 mg of IPT-3 (72 %) as a yellow powder. 'H NMR 
(500 MHz, CDCI,): 6 8.28 (dd, 2H), 8.26 (s, 2H), 7.52 (dd, 4H), 7.49 (dd, 2H), 7.1 1 (dd, 2H), 
5.65 (s, 2H), 4.11 (s, 6H). 13C NMR (125 MHz, CDCI,): 6 148.3, 144.3, 141.4, 126.0, 125.2, 
125.1, 124.1, 123.8, 122.7, 116.1, 63.3, 53.9. HRMS calc. for C3,H2,02 (M+H)'; 415.1693; 
found, 415.1674. mp = 254-257 "C. 
IPT-4. Method A: 50 mg of DA-4 (0.12 mmol) and 550 mg of pyridinium tosylate were heated 
to 140 "C for three days. Crude NMR showed only trace anthracene. The crude product was 
purified by column chromatography on silica gel (40% dichloromethane/hexanes) to give 35 mg 
of IPT-4 (73%) as a tan solid. 'H NMR (300 MHz, CDC13): 6 8.66 (s, 2H), 8.6 (m, 4H), 7.6 (m, 
4H), 7.49 (dd, 4H), 7.05 (dd, 4H), 5.69 (s, 2H). 13c NMR (125 MHz, CDC13): 6 145.0, 144.0, 
129.9, 129.8, 127.6, 127.2, 126.9, 125.7, 124.0, 123.4, 123.3, 118.3, 54.3. HRMS calc. for 
C3,H, (M'), 404.1560; found, 404.1552. mp > 300 "C. 
IPT-5. Method B: 25 mg of DA-5 (0.08 mmol) and 290 mg of pyridinium tosylate were heated 
in 5 mL acetic anhydride 110 "C overnight. The crude NMR showed about 15% of the product 
mixture to be anthracene. Purification of the crude product gave 11 mg (46%) of IPT-5. 'H 
NMR (300 MHz, CDCI,): 6 7.79 (s, 2H), 7.70 (dd, 2H), 7.44 (dd, 4H), 7.37 (dd, 2H), 7.03 (dd, 
4H), 5.55 (s, 2H). 13C NMR ( MHz, CDCl,): 6 144.8, 142.2, 131.9, 127.6, 125.8, 125.7, 123.9, 
121.9,53.9. HRMS calc. for CaHl, (M'), 304.1247; found, 304.1251. 
IPTd. Method B: 50 mg of DA-6 (0.12 mmol) and 150 mg of pyridinium tosylate were heated 
to 70 OC over two nights. Crude NMR showed no observable anthracene peaks. The crude 
product was purified by column chromatography on silica gel (20% dichloromethane/hexanes to 
50% dichloromethanelhexanes) to give 26 mg of IPTd (54%) as a white powder. 'H NMR (300 
MHz, CDCI,): 6 8.19 (s, 2H), 7.42 (dd, 2H), 7.03 (dd, 2H), 6.76 (s, 2H), 6.66 (s, 2H), 5.81 (s, 
2H), 3.95 (s, 6H), 2.54 (s, 6H). 13C NMR (125 MHz, CDC13): 6 149.7, 145.1, 142.8, 142.6, 
129.7, 126.7, 125.5, 124.4, 123.9, 116.0, 103.5, 56.0, 50.6, 18.9. HRMS calc. for CBH,02 
(M+H)+; 393.1849; found, 393.1850. mp = 248-251 "C. 
IPT-7. 100 mg of 16 (0.12 mmol) and 41 mg of anthracene (0.23 mmol) were refluxed in 5 mL 
mesitylene for three days. Purification on silica gel (10% dichloromethane/hexanes to 60% 
dichloromethanehexanes gradient elution) gave 120 mg of DA-7 (100%) as an orange oil. 'H 
NMR (300 MHz, CDCI,): 6 9.00 (s, 2H), 7.77 (s, 2H), 7.38 (m, 2H), 7.29 (m, 2H), 7.22 (dd, 2H), 
7.05 (dd, 2H), 5.38 (s, 2H), 4.59 (s, 2H), 4.25 (t, 4H), 4.18 (t, 4H), 3.80 (s, 6H), 2.58 (s, 2H), 1.9- 
2.0 (m, 8H), 1.6 (m, 8H), 1.2-1.6 (m, 32H), 0.9- 1.0 (m, 12H). 
Dehydration Method A: 120 mg of DA-7 (0.12 mmol) and 120 mg pyridinium tosylate 
were heated together at 150 OC for 3 days. Crude NMR showed no observable anthracene peaks. 
The crude product was purified by column chromatography on silica gel (30% 
dichloromethane/hexanes) to give 5 1 mg of DA-7 (43%) as a red-orange sticky solid. 'H NMR 
(300 MHz, CDCI,): 6 9.06 (s, 2H), 8.30 (s, 2H), 7.7 1 (s, 2H), 7.48 (dd, 4H), 7.06 (dd, 4H), 5.65 
(s, 2H), 4.23 (t, 4H), 4.18 (t, 4H), 1.9 (m, 8H), 1.6 (m, 8H), 1.2- 1.5 (m, 32H), 0.9 (m, 12H). 13c 
NMR(125MHz,CDC13): 6 149.7, 149.1, 148.6, 144.6, 142.5, 125.8, 125.8, 125.1, 124.0, 123.3, 
121.2, 116.3, 112.0, 107.5, 69.8, 69.2, 61.4, 54.2, 32.1, 32.1, 29.7, 29.7, 29.6, 29.5, 26.4, 26.3, 
22.9,22.9, 14.4, 14.3. HRMS calc. for C70H&Na0, (M+Na)'; 1049.6630; found, 1049.6593. 
IPT-8. 66 mg of 17 (0.15 mmol) and 45 mg of 3 (0.23 mmol) were were combined in a 25 mL 
round bottom flask and refluxed in 3 mL xylenes while covered in aluminum foil to protect the 
reactants from ambient light. Purification of the crude products on silica gel (40% 
dichloromethane/hexanes) gave 15 mg of a faster eluting cycloadduct and 18 mg of a slower 
eluting cycloadduct (34 % yield). Isomer 1 (faster): 'H NMR (300 MHz, CDCI,): 6 7.98 (s, 2H), 
7.6-7.8 (m, 12H), 7.46 (m, 4H), 7.39 (dd, 2H), 7.33 (dd, 2H), 7.19 (dd, 2H), 7.08 (dd, 2H), 5.09 
(s, 2H), 4.57 (s, 2H), 2.28 (s, 2H). Isomer 2 (slower): 'H NMR (300 MHz, CDCI,): 6 7.96 (s, 
2H), 7.6-7.8 (m, lOH), 7.52 (m, 4H), 7.46 (m, 2H), 7.40 (dd, 2H), 7.32 (dd, 2H), 7.24 (m, 4H), 
5.03 (s, 2H), 4.55 (s, 2H), 2.43 (s, 2H). 
Dehydration method B: 33 mg of DA-8 (0.053 mmol) and 130 mg of pyridinium tosylate 
(0.52 mmol) were heated in - 2 mL of acetic anhydride at 95 OC overnight. The crude product 
was purified by column chromatography on silica gel (25% dichloromethane/hexanes) to give 12 
mg of I P T 3  (39%) as a light yellow powder. 'H NMR (300 MHz, CDCI,): 6 8.28 (s, 2H), 8.01 
(s, 2H), 7.93 (dd, 2H), 7.7-7.8 (m, lOH), 7.56 (m, 4H), 7.40 (dd, 2H), 7.35 (m, 4H), 7.10 (dd, 
2H), 5.57 (s, 2H). 13c NMR (125 MHz, CDCl,): 6 143.8, 140.7, 138.9, 137.7, 133.6, 131.8, 
131.4, 131.0, 130.9, 130.3, 129.0, 128.3, 128.2, 127.9, 126.4, 125.9, 125.5, 125.3, 125.2, 124.1, 
121.7,50.9. HRMS calc. for C,H, (M'), 606.2342; found, 606.2355. mp > 250 OC (dec.). 
IPT-9. 100 mg of 21 (0.15 mmol) and 59 mg 3 (0.31 mmol) were combined in a 25 mL round 
bottom flask and refluxed in 3 mL xylenes while covered in aluminum foil to protect the reaction 
from light. Purification of the crude product by column chromatography on silica gel (2:l 
hexanesldichloromethane) gave 20 mg of a faster eluting cycloadduct and 41 mg of a slower 
eluting cycloadduct to give a total of 61 mg of DA-9 (47%). The stereochemistry of these 
compounds was not determined. Isomer 1 (faster): 'H NMR (300 MHz, CDC13): 6 8.01 (s, 2H), 
7.77 (dd, 2H), 7.70 (dd, 2H), 7.6 (m, 4H), 7.5 (m, 4H), 7.3-7.4 (m, 6H), 7.22 (dd, 2H), 7.08 (dd, 
2H), 5.10 (s, 2H), 4.60 (s, 2H), 2.90 (t, 4H), 2.28 (s, 2H), 1.9 (m, 4H), 1.2- 1.6 (m, 20H), 0.9 (m, 
6H). Isomer 2 (slower): 'H NMR (300 MHz, CDCl,): 6 7.99 (s, 2H), 7.7 (m, 4H), 7.5 (m, 6H), 
7.1-7.3 (m, 12H), 5.03 (s, 2H), 4.58 (s, 2H), 2.88 (t, 4H), 2.42 (s, 2H), 1.86 (m, 4H), 1.3-1.6 (m, 
20H), 0.9 (m, 6H). 
Dehydration method B: 60 mg of DA-9 (mixture of stereoisomers, 0.071 mmol) and 177 
mg of pyridinium tosylate (0.71 mmol) were stirred at 100 "C in 3 mL acetic anhydride 
overnight. The crude product was purified by column chromatography on silica gel (20% 
dichloromethane lhexanes) to give 41 mg of IPT3 as a yellow crystalline solid (69%). 'H NMR 
(500 MHz, CDCI,): 6 8.28 (s, 2H), 8.05 (s, 2H), 7.93 (dd, 2H), 7.82 (s, 2H), 7.76 (dd, 2H), 7.57 
(m, 4H), 7.46 (m, 4H), 7.40 (dd, 2H), 7.36 (dd, 2H), 7.32 (dd, 2H), 7.10 (dd, 2H), 5.61 (s, 2H), 
2.93 (t, 4H), 1.93 (m, 4H), 1.3-1.6 (m, 20H), 0.97 (m, 6H). 13C NMR (125 MHz, CDC13): 
6 143.9, 142.5, 140.9, 137.7, 135.9, 133.6, 131.8, 131.3, 130.9, 130.8, 130.5, 128.9, 128.9, 128.3, 
128.2, 126.3, 125.9, 125.5, 125.2, 124.1, 121.7, 51.0, 36.3, 32.2, 31.8, 29.9, 29.9, 29.6, 23.0, 
14.4. HRMS calc. for Cab,, (M'), 830.4846; found, 830.4840. mp > 175 "C (dec.). 
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